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RUMMARY

The detaia at trasveling from port to data buoy locat:m for data buoy system

deployment and/or maintenance provide a basis for determlning a large fraction of

the annual operating cost of a dam buoy system. Such details are also at the core of a

series of highly interrelated and inp,, ýpa+* questions such as, "'How many buoys Om'd.

a buoy-tending ship be designed to carry? What Is the optimum average cruise speed?

How many deploYnent/maintenance ports should be used? What number of days in port

should follow each cruise?" Answers to all of those questions and others of similar

nature are needed to provide a firm basis for U.. Coast Guard National Data Buoy

"Systems development planning. This study includes investigation of each of the

questions noted, and many others. The results of the Investljtions are preamted as

functions of many different parameters, Including number of buoys in the system, ship

buoy-carrying capacity, ship average speed, nvenher of deployment ports, number of

days in port per cruise, time-to-plant each buoy, ship operating base cost per sea day,

ship maintenance cost per day, fuel cob per n ml, and others.

In this study, all system InvosUEtins have been carried out in the followfng

manner. First, analyses were performed for each of 9 non-overlapping geographical

regions called. Modular Deployment Zones (MDW covering the ooens of the norther

hemisphere, Second, certain MIDZ results were combined for 4 DM collectively

referred to as the Coawtal North America (CNA) region covoering t watms frm teO

North Amarioan coast to 400 na i oft ore. Third, the results for the rewasing 3

M1)Z were combined for a region (outsks CNA) oolletvely bnown so Oe ihordh

hemisphere Deep Ocean (DO) romi. Finall, results &rM Alli WO hare bees

combined to give aweragee for eah oa the seven specific de"a buoy sysems oumskte,

ranging in size from te 00-buoy bseline sy dowrn to a 60-bmo system.

To mOWe this mult.-dlmesa sb pos4 . TRC del• d i psrp

for ft oir a OW do mm c alwlsam, Md ew mew. Tw
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modal w as n gobm -* Pn WNW bau e o~fa bwsu aM Vwf, ocete,
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* soepuetia sOdOWls to doperwsas or w of buoys1 The ulmuknfe mids
000pefts the dbamwe tamui I"w sb ale NAN g "th do t atnch mobs"e betwee

Iii



points; it th-n generates % 1se time as a function of speed and time-to-plant each

bucy under both irleal conditions (safety factor of 1.0) and udar the asaumption that a

safety factor such As 4/3 is ne, 4ed to make allowance for bad weather and other

uncertainties. In addition to comntýing distance, time, and costs associated with

deployment/maintenance cruises, the r'odel also acc"pts buoy hardware costs-both

fixed and depth dependent, such as mooring line cost-and computes the irilvidual and

cumulative costs of all buoys deployed. Aversae values are calculated for distance

traveled per buoy planted, ship _-perating cost per hOuy planted, moorlng depth per

buoy, hardware cost per buoy, deployment time per buoy, buoys deployed per ship-year, etc.

The TRC buoy deployment/maintenanto model has been structured to facilitate

modifications and additions. In Its present state the W-nodel is applicable to a compar-

able study of air-droppable data buoy systems, or for a study of the use of aircraft or

ships-of-opportunity to obtain marine data, etc.

The results of studies such as this arn recognized to be only as good as

* The model programmed,

* The ranges and values of parameters used,

0 Values of system constants used.

The be,' ;•ructur:. &x the time-to-deploy and oost-to-,sploy models are simple and

straightforward and are believed to be acceptably elos* to real-world eaditions.

Beet strategies for deployment cruise scheoing is a relatively complex question for

which there is no exact general solutlon, although for any Sives set of port and buoy

locations, therm Is aiways one sot of deployment crueme sched•sl that is at least as god

or better than any other set out of the tota of all possible shedules. Beease the

variables In this problem Ioclule (1) chip buoy-cazrylag osapcity, (2) mmber %od Ioca-

tions of buoys in a liven pooraphical reogio, and (3j port locations, it woa elected no

to attempt to optimize &ployksnt cruise schedules, but to use sheldule strategies that

could at least be showni eplictly in rpecffic Anstanee to be better tuan other strategies

that appear intuitively to be its good or better. ISeral suc sehedling strategies have

been investIOed and those shown to be beet we,, used where applicable in this st*y.

Thus, although the deploy=e* aru&e shedles ;nsd herein •r not soupsted as

optimum, it is considered that the solchAle ar probably very cltne to optimum. The

Iv



ranges and values of parameters used in this study were specified by the U.S. Coast

Guard National Data Buoy Systa-us Doeeinated Project Office (TSCG NDBB DPO). Most

of the study results summarized below are greatly dependent on the accuracy of the

parameter values and are confined to the parameter raoges specified by the NDBS DPO.

One of the most sipificant results to emerpe from this -UW applies to the buoy

deployment/malntenanoe ship. For the cost values supplied and the range o parameters

investipted, the 12-buoy, 16 kt ship was clearly superior, based on averqe ship

operAti•g const p3r buoy plmted. This conclusion has been shown to be Independent of

selected variations An ship operating base cost per sea-day, time-to-plaat each buoy,

number of deployment ports, relative prazimity at buoy networki to dslpoymet port,

and Incorporatim at prorated ship constructin costs. The alternatves on either side

of he 12-buoy, 18 kt sip oosting $16.4 million) are the S-bwy, 15 kt ship (costing

$11.6 million) and the 12-buo, 21 kt ship (costing $20.8 m~lltoO. Cbite of the IS-

buoy, 18 kt ship shows typical savings ta average ship operating cost per buoy plated

to be of the order ot 1-17% when compared withe O 8-baw, 15 kt ship, mid at the

order of 9-10% when compared with the 12-buoy. 21 kt 3hVp. Comparison with the

other ships consideredo shows even hl~Or saview. As noted oalfer, Ow val&/ti ot

this result depeds sutrft y es the accuracy oa th cost katm prwisid.

AMother saliest reoult from th same pbuo of tdoshady at Va*osahd best 9Wip

chamaterlwat~ W"n Ik rep of vabMe a"t Ane d 10 fo* r to *p~$Mm
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The system development planning factor, average -ship-operating-cost-per-buoy -

planted, is sensitive to variation in base ship operating cost per sea-day. For the

12-buoy, 18 kt ship (and the other conditions noted earlier), the ave.¶ap ship op(rating

cost per buoy planted varies approximately $3.00 in proportion to every $1.00 change in

base ship operating cost per sea-day. The variation is higher for other ship coni.gurftions.

There is also sensitivity of the average ship operating cost planning factor to

variation in time-to-plant each buoy. For the 12-buoy, 18 kt vessel (and the other

conditions noted earlier), the sensitivity is of the order of $230 saved per buoy

planted for each hour reduction in time-to-plant.

Average ship operating cost per buoy planted is sensitive to the number of

scheduledl days in port per cruise undertaken. Most of the results in this report are

based on 10 p( rt days per crise, but factors of 5 port days and 20 port days were

also investigated for both 3-port nd 8-port deployment configurations. For the 12-

buoy, 18 tt ship and 3-port deployment, use oS port days, In place of 10 port otys,

reduced average ship operating cost per buoy planted by 12%; usInq 20 port days per

cruise increases the average cost per buoy planted by 25%. For the 8-port deploy-

ment, comparable changes arm 13.6% reduction and 27% Iwrease, respectively. Added

costs such as those commenarate with a two-crew concept ("Slue" crew and 'tVhltel

crew) needed to sustain the 5 port day condition have -A bean taken into account.

Use a( $ deployment portis, reatbr tn 3 ports, indicate for the 1d-buoy, 18 kt

sip mand the other oodftoms mated earlier) th poseobility of a fl radlotia is averqp

&4p operad"tcg per buoy pldatd to the C14A region, a 7% re&.otlan Is th DO ngoon#

ad a r*edca of e1*ty mae than 6% for bath rogtos coshtsd. h -naed UDM

the s#avg could rwm as hig as lfl. Noe of thea comments tase hM Aoamct the

NSfnl expense of or ma ~teao at the eddatomal 5 prts. ia an rOm'-

all semas. the*e •ad nal costs wAld rodeuo the deWes at savlq noted

Overall ship eents cat me oAnputed for dp Mat of e* of tet seven

Way s~ystemsoaatedervd. Whim uslngtt 121-b"o, 1R ktn4Dp(e*eaS ft-owuSkmw

ntod earlier) tWl 4$oym.at cost OW from 0.121 mIllion for the 5N-bey We*-

Sessy,6w. to $0.M stilfl tar the fl-luy fjle. TOW dapicyu mnt b

neett"all a bee, t"Otl ad WMer go be",s In fte 07v061.6P hr atm ccb *ni

tam 126 buos. GYA dsplymeat oost reprMset about #fl of *6 td dspoyimut ost,
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although the number of CNA buoys represents about 70% of the total. The DO buoys

are farther apart and at greater distances from deployment ports and, therefore, coet

more to deploy than CNA buoys. These total deployment costs are for ideal conditions

(safety factor of 1.0).

Buoy hardware cost@ (considered to be ctuservatively high) for a data buoy

comparable to the ONR discus were used to ilhstrate the cost capabilities of the TRC

buoy deployment/maintenance simulation and cost moeel. It was determined that the

cost of hardware deployed in the 500-buoy systean would be about $146 million and

nearly 5 million ft of mooring line (oe-point mooring, scope at 1.0) would be required.

Under the assumption that oceanoraphic sawor packages would be moox .ag-mowited

at up to 20 IAPL O levels through 5000 m depth, 8,3 packages would be required-

an average of 16.8 sensor packL. ý:ý buoy. Using the hardware costs prov'dsd,these

sensor packa• s rep•smat 40 of the total buoy hardwares cut, sad the moorkW

represents '% of the cost. (The buoy hull cost w uld be only 27% at the total.) The

buqy hardware costs cited in this re are not intended for use in fancial ,2YtVMK.

Another useful plarnanig factor that has eumergd from this Investiptio• is the

average maximun• nmber of buoys deployd Ier sh-"ar" For the I2-bi•,v 18 kt

sL and S-port deployment (and the other condit ons noted oir#ver), thia pinnalau factor

has mma1mum numbers of hUoys pLanted p*r ship-year at 137 ChA buors. or 04 DO
buoys. or !20 bnw. for the comrta,,d regim2. If $-port dopk ,,ou 1#sed,•. the Y&W

become 141 CNA bw~s, 94DO tuoysi, or 128 oow*bind DO sad MY4A buoys oftid

per ship-y*ar. Those iAotore ap for a saetyi hor ti 1.0 tideal eaWi m ýS) ad

probably ohould be dep6.d by 10% to We% to s•ocat for bad Woother MW atfer W,,-,
ritualati".

OR O tho Mitst goals o tus na Was to 6OWnt~r MbrlO syom wshe
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facets of a more comprehensive study of system relative effectiveness that should be

undertaken. Such a study would co: entrate on relating nul..•irs and lhcations of buoys

to the potential economic, research, social, Lnd -,ilitary benefits that might derive

from the use of the collected dat, and/or data products (forecasts, etc.). The minor

effort undertaken for this report. indicates that marginal system relative effective-

neSS per buoy added would be greatest fur the small 60-buoy syýtem and would :ec.s ease

almost linearly as the number of dama buoys in the system increases. &-yond the 375-

buoy point (nearly 95% system relative effectiveness) the marginal increase for each

added buoy is quite small. In part, this conclusion is due to the assumLption that the

500-buoy baseline system is 100% effective. The brief attention devoted to this subject

suggests that system relative effectiveness is greatly enhanced by allowing the system

designer considerable freedom to select buoy locations that are closely related to

satisfying data requirements that have high benefits. An alternative to this policy-

building up the numnber of buoys with uniform emphasis in all 9 Modular Deployment

Zovies-is shown to be much less effective, in general.

As noted at the outset of this summary, the pr~nanr goal of this study has bec..

the provision of analyses and resuits to aid :he development planning for National

Data Buoy Systoms. It is crecogrized that this study is not definitive in many of the

subject areas addr-osed, but it is believed that thL study results, properly interpreted

in twhir apicat]am, wtll sufflce as a partial fourndtion for planning at this $tap. of

davelxpmont of Natonal Data Nuoy 9ystemrn. As buoy and port locatiow, costs, and

other fkctors become mare firmly estabLished, the buoy deploy ment/maintenmno.

simlutlon aM cost model. can he uwd to refine or develop as msded plami factors

such&# those presentod in this report. As interest shifts from dployment of buoys to cyclic

swiUal mo, the cooagxr model can stiti be usd. Adeltlou of ther featuns to the

lodel, owh as wsatker omdlbtoas and some deciston rules relatinp weather wa

ormtlaas, can an should be uadertakln. In this vein, th"n, this study o(ers an initial

fodmdAttio for c€rtawn fats al Nf W8 developmont phamui14 rad an Invitatimn to use

tiwe roults as a point of departua for farther study efforts.
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FOREWORD

Contract Number DOT-CG-82504-A between the U. S. Coast Guard and The

Travelet s Research Center, Inc. (TRC) consists of five parallel activities. The five

final reports stemming from these activities are entitled:

(1) Applicability of National Data Buoy Systems to Refined National

Requirements for Marine Meterological and Oceanographic Data

(2) Characteristics of National Data B•oy Systems: Their Impact

on Data Use and Measuremeut of Natural Phenomena

(3) Cost Effectiveness Sensitivity of National Data Buoy Systems:

An Essay

(4) Computer Programs for National Data Buoy Systems Simulation

and Cost Models

(5) An Analysis of Cruise Strategies and Costs for Doploymeut of

National Data Buoy Systems

Each of these fiw reports is complete in Itelf, but it must be recogpied that

in all instances the other four activities both Iafluenced and cotrbiheted to the resaft

prevented in each individual report.

The prosent USCG/TRC ocatract is an outgrowth of a sh* of the ksagdifty of

national data buoy systems perfowmed by TRC and Alpine Geophliecal Asomless *o

the USCO during 1967. Need was efleft for investsptiou, rseh, and )ys Is

e r dspt to omral ams. to spport the oosoept immri &a n Jd mpIamt
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1.0 INTRODUCTION

As part of the 1968 TRC contractial effort for the U. S. Coast Guard National

Data Buoy System Designated Project Office (NDBS DPO), TRC proposed to develop

a computer automated datz buoy system deployment and maintenance moael. This

model is described in Reference 1. For NDBS DPO technical development planning

purposes, it was considered necessary to have a more sophisticated, flexible system

simuiation deployn.n•! and maintenance model than was used for the 1967 National

Data Buoy Systems Feasibility Study. 121

TRC also proposed an part of its 1968 effort for the NDBS DPO to use the de-

ployment aspects of the computerized simulation model to analyze a selected number

of system deployment and operations characteristics to provide inputs for NDBS DPO

technical development planning for potential national data buoy systems. ThMis vp•po

presents the results of tls analysis of data gsneratsd by the buoy deployment adn

maintenanov sImulation and cost model.

1. Objectives

The principal objective of this study is to devolop cost Inforratior. related to the

physical deployment of data buoys at speeiflod locatkm throusbat the norltorn bew.

isphre [eep Oc(as and the Coastal North Amur igan Mog1o eakmdfa 400 nmdkel

mits (n ma) from abo.e.

A m b*r of ewi ary ob aVos ane *.o mt w4 In*o o*a w of asMatr eU

pricipal objectives•. Is•*
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1. 2 Limitation.•

As is often the case with studies of this type, a numl)er of limitations must be

imposed on the use of the results. PrinRry among these is the need to recognize that

ship operating costs for deploying buoys as presented herein represert the minimum

attainable costs, because effects of seasonal climate ch&nges and daiiy weather condi-

tions have not been considered. Also, the• possible inability of the deployment ship to

carry out buoy implanting during night hours hias not been expressly taken into account,

although the range of time-to-implant investigated should be a.quate to cover all in-

teresting possibilities. These limitations on the use of the results of this study are

considered to be minor at this stage of technical development planning, because a

broad scope of conditions has been invebtlgated and the limitations noted can be easily

circumvented by reasonable interpretation of the daza and the results of the analysis.

Since many of the remilts of this study are preseited in the form of costs, it is ob-

vious that one potential limitation on the use of the results hinges on the degree of ac-

curacy associated with the coat input data. Cost data were provided by the NDBS DPO

for basic ship zost per day, fuel Ioat plr n mi as a function of both ship buoy-carrying

capacity and speed, and maintenance cost per day pertaining to saip compoverts talso

P. function of ship buoy-carrying capacity and speed). In addition, construction costs

were itven for *aps of various beoy-c.•rrying oapecitles (4, 6, 8, 10, and 12) and

apee& (5, U, 15, 18, 21, 24, 27, and 30 hi). In geural, the s costs

provided tsmd to be cant" as a tanction of speed In the rsep of 9 to 15 kt, but they

my ovr a I of $250 to $600 per d• as a hactiom of bsaoy-carryi cpactty. As

apse& lMwrease to vahssa above 15 b, "p mintemae cost ties to $1400 per !my at

i0 h 2 1 alt bsuy-ertWye o• citites oealdsivind. Pool c-gs have similar caractclr-

UvW tg bftems $2 aib $0 per a W at low speeds and for vailft cepalties; Awt

ma. risas to $3 per a nI at U hir all buow-earrynf cftc . OW coasUvion

*odat I sew hm jWlnl $9 Mfiisa fr a ahp wit a 4 tfoty-'rOwy capcity

IL . low apeWd rnlp. to $ mWW= fr a 30 i Alp rqeaprf of buoy-carrybg

c9'a. 1 the rups c"eidsr (4 to 12 bmr,). tdm.M to MAkt "m e end

bwl *aft, r r1p w mr oaa per sma-f d $3w to $0W vu eambl" by *a
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number of various shipborne personnel config.aiations covering a variety of seaborne

operational deployment and maintenance concepts.

It was considered desirable by the NDBS DPO to establish a measure of system

effectiveness provided by each of the seven buoy system configurations outlined below.

The NDBS DPO recognized that at this stage of deployment effort, onlyA sub jective

a nalis of this question could be undertaken by TRC. Before a thorough study of this

subject cart take place, It will be necessary for the government agencleh stating data

requirertents to undertake a comparative evaluation of the relative value ef marine

invironmental data as a function both of parameters measured and geographical area

from which the data are collected.* Other important facets of this problem aclude

location of sensors in the vertical and reporting time schedules, as well as Instrumenta-

tion accuracy, range, etc. The data products to be prepared amnd the beneflts derived

from the ultlmste use of the data products are also importont ingredients in determining

system effectiveness. Until relative values of data and benefite have been determined by

the recuired agencies, it is not possible to carry out * t•uly objective analysis of ,ystem

effectiveress. It Is hoped that the subjective results described here moy be of some use

in generating the data blse required for future ob)ective system effetvoneess analyses.

in this atMdy, the utpd of the buoy deployment model io iany-fold. It prvMdes:

* The •t , of all buoys deoyed, individually by loostacin

in one a( the nine regiocs, and in tAfal

# The total Sth of oritg ime roqsiroex A ove

-9 1W totlUW he w @* f awoowattwatodeakxww v so pm
Bor packese, as abve
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* The minimun number of sea-days required for each crw4s%

* The total number of sea-days requared for an entire depioyment, Dy

geographical regions and in total

* The numnber of port-dayr, per cruise

* The total number of port-dayA for an entire deployment, by geograph-

ical regions and in total

* The total ship cost (sea-days plus port-days) for an entire deployment,

both as a minimum value and with a 4/3 safety f-ctor applied

0 The sensitivity of system coats to variation .in ba.% cost per sea-day

($2000, $5000, $8000/day)

* The sensitivity of system costs to variation in tirne-to-implant eack

buoy '12, 24, 30, 36 hours)

* The coats of implanting buoys as a function of ship speed (9 to 30 kt

1-. increments of 3 kt) and ship buoy-carryIng capacity (4, 6,8, 10, 1Ubuoys)

61 The avwrage distance traveled per buoy planted in each of .he niri

geographical areas

* The average number of days required to plant each buoy, as above

* Tho average number of buoys planted In a 335 day working year

Typical examples e he buoy deployment and maintenance simulation and cost

compu., r model cutput are shown 'n Appendix A. The usefulness of the computer model

employed in this buoy deployment study exteuds beyond the applicstionw described here.

For example, the model has been designed to accommodate scheduled maintnsnce of

buoys, in which the number of buoys visited exceeds the nuraber carried and, hence,

on-board refurbishment of data buoys is required.* The model can accontmodate the

concept of leaving a port, visiting a depot to take on buoys, depioying (or maintaining)

buoys and then returning to a diilerent depot and/or port. The model can be instructed

to test the ability to go to each successive buoy location and return to port within a

specified total number of cruise days. Thi f feature i- especially useful for testing the

feasibility of minimizing the number of maintenance cruises by use of an on-board

refurbishment concept. It is antic.pated that the buoy deployment and maintenance

computer model will be of use to the NDBS DPO throughout the foreseeable future.

*ln this report, refurbishment implies both replacement of conm *1ts and minor

repairs of non-replaceable !teins, such as the buoy hull.
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1.3 Approtch

The approach umdertaken in this atudy has been developed in close ooniunctou

with U. S. Coast Guard NDBS DPO. For example, the NDBS DPO selected Portsmoth,

Va.. San Francisco, CaHL, and Homwlulu, Ha., as deployment ports. With NDBS

DPO gWdavce it was decided the the baseline NDBS system for the sud" woud con-

stit of 500 data buoys in the northern hemispbere, with 150 Deep Ocean (DO) buoys

spaced approximately 500 n ml &part and 350 Coastal North American (CNA) buoys

spseed approximately 100 n ml apart in a regon around the North American Contnent

out to 400 n mi from shore. These spactings are considered representatve o f venas

of grid sufficient to satisfy a majority of the idea ,led operational drta reqWrements in

these reglons.*

Six •d•itional buoy network conflgurations were also selected fo- this suy.

They include a three-fourths baselimn systm (375 buoys), two 50 percent bae lne

couflguratiow (250 buoys each), two 25 perceet base c (each 12 buoys)

and a 12 percent baseline configuraton 4,6 buoys).

The rationales for locating data buoys in the DO and CNA regions were deter-

mined in gross fashion in conjunction with the NDBS DP:O; deta8ls of wtual ohotoe

of lati•uIes and longltkes were left in the handi of TEC. It general, the aparoach

used for choosing bwoy locations was as follows: Meetin grid hmcixg requiremfts

cf 500 and 100 n mi dictated the locations of most of te buoys in the baseline sy~ium;

location of the 375 buoys in the three-fourtbs bueline system was based on a 600 n nd

DO grid and & variable 100-150 n ml CNA grid developed an part of the 1968 refte-

mert of marine euvironmental data requirements carried on at TRC In par l wIth

this study (S). Many of the 375 buoys are located to meet specific operational require-

ments stated by U.S. governmet agencies. The grid spacings for the 375-buoy

system have been accepted by agemy representatives as reasonable for an initial

*In an aotud deployment, the poultidoig of buoys will be a function of many var-
iables and inputs. For the pmrosas of this study, it Is considered sufficient to deal
with rmpresentative numbers of buoys at representative spacig in the g•oaphial
reiors of interest. The number of buoys Involved is aufficiaty large to give a
good satitstical sample, as can be seen from the results discussed in the remainder
of this report.
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I

NDBS in the DO amd CNA regions. (The agencies have not approved the locations used

in the 375-buoy networks.) Locations for th. ae-hai baseline system fell into two

categeries. In one category the locations of the 250 buoys were left to the discretion

of the "system designer" and tended to be specified at those 250 locations of the 375-

buoy system subjectively deemed most beneficial to date wiers. In the seeond category

the "system designer" was constrained to locate buoyrs in each of the 9 leographical

regions in the northern hemisphere; the number of buoys for e&ch region was constrained

to be 50 percent of the number oý baseline buoys originally resulting from the desired

grid spacing in that regio. These same rationales were used In choosing locations for

each of the one-fourth baseline systfvws (there are two). Buoy locations for the 12

percent of baseline system were left to the discretion of the "system designer."

In all cames eft to the discretion of the "system designer," there was a goeral

understanding beween TRC and the NDBS DPO that in the event there were small =zma-

bere of buoys deployed in a given region, the locations would teW to eo •oale more

or lWs in the vicinity of the ploymen perts and that no isolated. speoial purpose

buoys at great dishtaes from port would be included. The NDBB DPO specified that

the sUy should coasider ships with buoy-carrying oapacitiss of 4, 6, 8, 10, and 12

dafa buoys. The exact deployment cruise sohedules from port to bucy locations ad

back to port were selected by TRC. While it is clear that each cruise is a form

of the classical Traveling Salesman Problem (for which there Is no general solution),

the nature of the buoy locations - most being essent•ally at points in a grid rather than

ramiomly distributed throughout a given area - Is such that rather clear-cut preferable

strategies for ship deployment of buoys become quickly evid"t Substantiaftn details

for this statemet are given in Appendix B.
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2.0 CON4CLUSIONS

"The following concluions drawn from this study must be weighed by the reader

with due consideration to the limitations of the buoy deployment model and the recopni-

Uon that representative cost data and representative buoy locations have been used

throughout the study (see Section 1.2).

2.1 Ship Charateristics

AUl aspects of this study make evidont that the optimum average ship speed for

deployment of Deep Ocean and Coastal North American buoys lies in the range of 15

to 18 kt. The avernge cost per buoy planted is monotonically decreasing as a fuictiom

of increasing ship buoy-carrying capacities, throughout the ship buoy-carrying capcit

investigated. Loosely speaking there is a two-to-one reduction in average cost per

buoy planted between the 4-buoy ship and the 12-buoy ship, at all speeds. About two-

thirds of this Improvement is achieved in going from a 4-buoy to an 8-bwo ship. for

an average time-to-plant each buoy of 24 hours, there does not appear to be a strong

reason for considering buoy-carrying capacities in excess ot 12, as long as 22.5 days

represents a deiredcreso time for ideal operating conditions*. Tbhs, tbh 6-hesy,

15 kt ship at a construction cost at $11.6 million represents what mdgit appear to be a

"best" chAoe, but provides little system flexibility. The $16.4 million ship, capabei at

operating ,t average speeds of 18 kt axW carrying 12 buoys, represeute a aore expeesiw

choice in terms of ship construction, but it is a choioe that provides askll d fobtUty

that appears necessary for both deployment d later buoy maintenaoe.

24.2 - DoyCme Shi Crus ft ftqes

Schedules for ship operation from port-to-buoy locations and back to port are

generally "best" when approecmately half the buoys are deployed on the trip ou to the

fartb•st buoy visited and the other half are deployed on the return, and the deployment

covers a roughly r*etanguar "block" of buoys. if buoys were located according to

*This implies a safety factor of 1.0. If a safety factor of 4/3 is used, tho desired
maximum cruise time isoomes 30 days, of which 7.5 days Is aliitted to delays oausod
by bad weather, etc. T1U concept of a desired maximum cruise time of 80 days, of
which approoimately 22.5 days is actually spent in transit and planting buoys, w"
designated for the study by the NDBS DPO.
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certain geometrical patterns, it would be possible to quickly arrive at the best possible

deployment cruise schedules. In actual application, buoys tend to deviate somewhat

from precisely consistent geometrical patterns, and mixed strategies (see Appenr4.' R)

appear to be best.

2.3 LBoy legloyment Ship Cruise Times and Distances

As would be expected, the time duration of deployment cruises increases as a

function or buoys i . Using the ports of Portsmonth, Virginia, and San Francisco,

California, to deploy buoys in tW Coastal North American regions, a buoy-carrying

capacity of 12 is aceptable even in the case where buoys are deployed to regions at a

considerable distance from the ports. Throug•hout much of the CNA region, reductions

In time-at-sea can be achieved, if the deployment ship operates from a port contiguous

to the geographic area within which depioyment is taking place, rather than from a

port at some distance from the geographic area. In the northern hemisphere Deep

Ocean areas, when deploying from Portsmouth, Virginia, and Honolulu, Hawaii, some

deployments may have to be considered "hardship cruises," if deployment of more than

4 buoys I. contemplated.

The actual distance and time of cruise in each of the 9 geographic areas in the

northern hemisphere is only partially dependent on the number of buoys carried. It is

etsentlally a function of visiting the buoy location at the farthest distance from the

deployment port. In the CNA regions the cruise of greatest dhstanoe can be held to

approxwimately 1800 to 2500 n mi for ports contiguous to the deployment zone. If buoys

must be taken from a port to an adjacent deployment zone, the longest cruises are in

the range of 4000 to 5000 n mi. In the Deep Ocean the longest cruises tend to be

approximately 10,000 n ml in length when the port Is contiguous with the deployment

zone. Cruises of 16,000 n mi in length have been encountered in this study in deploying

DO buoys from a port in one DO zone to an adjacent zone (i.e., buoys deployed in the

northwest Pacific from Honolulu).

2.4 Cost of Buoy Reployment Cruses

Based on the assumptions o( 18 kt average speed, one day time-to-plant, $5,000

base cost per sea- iy, and a safety factor of 1.0, this study shows that the average cost

*That is, minimum possible cruise time for some crtUses will exceed 22,5 days.



of cruises for a 12-buoy ship in the Coastal North Anerican regions will lie Li the

$150,000 to $200,000 range. In the Deep Ocean regions, for comparable conditions,

average cruise cost is slightly less than $300,000. If prorated ship construction costs

are to be added to these figures, they would be based on $820,000 per year ($2250 per

day) for the $16.1 million ship.* A 22.5-day cruise followed by 10 days in port would

involve $73,000 of prorated ship costs. Average cruiae costs are commensurately

lower for ships carrying fewer buoys, since average cruise distance travelled to

deploy all buoys is greater.

2.5 Avgraqs & (eratIRS Coot per Buoy Planted

In addition to average cruise cost, mother convenient planning factor Is the aver.

age ship operating cost per buoy planted. This planning factor is a function of distance

travelled, time to plant each buoy, port days per cruise, ship speed, ship buoy-carrying

capacity. base cost per sea-day and ship maintenance and fuel costs. For this study the

average ship operating cost per buoy planted has boon osmput on the basis o( buoys

deployed first in limited geographical areas, then In broader regime, ad ftieally over

the entire northern hemnisphere.

The analysis has established that average ship operating cost per buoy planted Is

approximately $15,500 per buoy for buoys deployed within 400 n ml at coastal North

America; it is about 6,G000 per buoy for buoys deployed in the northern hemisphere

Deep Ocen regions outside the Coutal North America region; and it is about $10,t

per buoy when bot the Deep Ocean and OostW North America reSgins are easaid.

These values are essentially independent of the number otfbus dpWy for the r

Investgated (60 to 500 buoys). The bests for thwe average costs Is as folows:

Base cost per sea-day at $6,000, 24 hr time-to-plant, ship speed at 16 Id, ship buoy-

carrying capacty of 12, a safety aut:- o 1.0, and 10 port days per cruise.

26, C~ost of RMIS4Q7 .4f Dau ioyv ftrdftg

Using the oat figures provided by the N=W DPO for a typal bg discus buoy,

aid an operatioal maintenance cycie of aw ,ozdmanly one year, IllustratIve dqioyed

buoy hardware oosts have been e4nputed to give oost comparlsons for Itisal deploy-

ments. In gral, thse oosts are Uearly dependent on the number of buoys dsplaed

SProrated on the basis o( 20 yoerS (7300 days).
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and total length of mooring required for all buoys. The costs are siightly non-linearly

dependent on mooring depth, because in the upper ocean layer oceanographic sensor

packages are assumed mounted an the mooring as a non-ionear function of depth. In

round nu3mbrs, an average cost for a Coastal North American buoy would be approsl-

mately $280,000- a Doep Oeon buoy would cost $310,000. The overall average hardware

cost for all deployed buoys is apprulmately $290,000/buoy.

2.7 Relationship at Deloyment Cruise Costs to Buoy Maintenance Cruise Costs

The resu-.' developed in the course of this study are adequate for gross determin-

ation of maintenance cruise costs, even in tbobe Instances where the number of buoys

maintained exceeds the number of buoys carried from port (i.e., on-board buoy

refurbishment take- place). In general, buoy deployment costs-typlcally of the order

of $9 million (minimum)* for the baseline 500-buoy system-represent an %per

bound on expected periodic maintenince costs, once buoys are deployed.

By tending more buoys per cruise than a ship can carry, the effloacy of the cruise

is inproved and ship operating costs for mtintenance would be loss than those developed

herein for deployment only, where the number of buoy locations visited is always

identical to the number of buoys carried from port.

A description of a possible situation amenable to use of the deployment/maintenance

simulation and cost model Is given in the following scenario. The maintenance ship, with

eight ready-to-deploy buoys aboard, leaves port In time to arrive at the first buoy

to be maintained at 8300. Onoe on station, the mainteaace ship deploys a buoy.

checks out operation of all equipment. and removes the buoy that has just been relieved.

All of those oprations are completed within 15 hours after arrival on station. By

1800 to 2100. the maintnance ship Is ready to depart for the next buoy to be replaced.

abcut 100 to 150 n mi away. At an average cruise speed of 1t kt, the maintenance ship

will arrive on site at appratmately 0300 the followtng morning.

While these dey-log operatoms-deploy a buoy and retrieve a buoy, then Journey

to the next buoy-are being performed, the first buoy retrieved is being refurbishbd and

*This value is based on 500 buoys deployed, $6000 base cost/sea-dey, 24 hr time-
to-plant-esch-buoy, 10 port days/crulse, 12 buoys deployed each ýrulse, and a safety

actor of 1.0. If a saety facto r of 4/3 iused, buoy deployment cost would rise to

about $12 million, for the same set of s4pulated conditions.
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checked out aboaaJ ship. At the rate of one buoy replaced per day, a maxWmum of

eight days is available (though not neoesarily need) to carry out on-board refurbish-

meat. Thus, the ninth &W successive buoys main~alnd are replaced by buoys refurbished

on board during the cruise. Following a prooedure such as this, it might be poasible

to depart port, minn up to 20 buoys, and return to port within R period of about

22.5 days. OX course, the buoys would bav. to be spaced relatively cloeey (l"---150

n mi) to keep cruigtlime to about 5-8 hr during the middle o each night. Also, to

fit this scenario, the port of departure and return must be contiguous with the region

in which the buoys are deployed.

When the buoys are about 600 n =I apart, the travel time between buoys becomes

of the order of 3. L (st 18 IS), an at least two days would be required for each deploy-

mont, retrieval, and jouruey to the next site. Also, it is imkely that an average of at lOet

three days In total would have to be allocated to the port departure and port return por-

tions of the cruise. Thus, within 22.5 days, at most only 10 buoy stations would be visited.

If the durationof the cruise is extended to 29 days, thae IS buoy stadoe. would be visilted.

Even if a 12-buoy ship visits only 9 or 10 Deep Oemn buoy locatlow to perform main-

tenance, on-board refurbishment of buoys may take place. For example, if eiht days tIs

required for on-board refurbishment, then only four b*Ws would oed to be carried for

Deep Ocean *rulses (carrying five would allow for a margin of ss•sty. It Is dsrabl to

carry a minimum number of btos, because th beos on boaM repree W opital

invostmet not in urse, sad in a sysow such as tMes. the bteset Ia Sap mmed

capital) should be bold down to a prodmot level oemmem a with tIL umOewROUl

atstdlit the m ineao. operation.

The preoWu buoy deploymamt/-ms ba e slimiAUtiem and aow viedl is 00Able

of handlin the es it details at the typical soonario onUimed abow. thas perul Wag

the mesting t hypothel maia mea e schedes azd the datsrnhatian al eobodaling
feasiblty/l sados~ts,

*AU at tMs &s mi.- is based Wpo the conoept that a cruas ikgWfor 214 days
can be exteaded to a mu as SO days. in the event of bad wuether, at.., t im Plifn
a ohedAfta " fa c tor oa 1.33. Mo~gAthO cruise to last 39 days, howor, Implies
that a sda hotor of Ippr A tMely 1.0 eas been used, aad Ia the eve of a mishp,
the actual cruMSe Mit longer ta 30 days. It might en be csM t• s' a *ardshp
cruise. Of course, that dovs not moan it could (or would) ra't be mdert,•ams.
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2.8 Choices of Dejloyment Ports

The special attenticu directed in this study to comparing deployment coots

from three ports and eight ports indicates that inttlia deployment savings of up to

$0,24 ,xJ Ilion to $1 .8 million might be achieved by using eight ports. The conditions

for which these savings way be possible are shwnv in Table 2- 1. Such savings are

based on data for the 375-buoy network, extrapolated to the 500-buoy and 250-buoy

cases. Less savings would be encountered for smaller buoy networks because the

distance from port to the farthest buoy was consistently reduced as the total number of

buoys in the system was reduced. For exampie, most of the buoys in the 12 per cent

of baseline system (60 buoys) were located in the geographic zones contiguous to the

two deploymentports used. Esseanally none of the 60 buoym was located in the Deep

Ocean regions.

TABLE 2-I
POTENTIAL DEPLOYMENT SAVINGS ($M)*: 8 PORTS VS 3 PORTS

Ship buoy-carrying capacity
No. buoys

4 8 •12

500 1.79 0.89 0.48

375 1.34 0.67 0.36

350 0.90 0.44 0.24

*N*es: (1) Time-to-plant - 24 hr
(2) Base Cost/ea-dAy $5000
(3) Port days/cruise 10
(4) Safety factor 1.0

Use of Table 2-1 must be tempered by recognition that additional cbats havs

," inrcluded for port facilities, crew on-shore facilities, transportation of buoys to

the ports prior to deployment (possibly carried out by a very large commercial or

naval vessel capable at handling at least 30 buoys per trip)." Costs such as these

would reduce the potentlal savings shown in Table 2-1. Also, once buoys are drpl-jyei

*Cw_ morale, an intangible factor, Is sometimes adversely effected by returung

to a port other than the home port.
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a maintenance scheme permitting refurbishment on board would make maintenance

cruisea more efficient than deployment cruises, thus further reducing the potential for

savings due to increased rumbers of ports. In general, on a Modular Deployment Zone

(MDZ) basis,* greatest savings appear poessible in the North Pacific West MDZ. Smaller,

but substantial, savings would be accrued by use of a port at San Diego (rather than San

Francisco) to deploy buoys in the Mexican Coast MDZ. For the Gulf of Alaska MDZ,

ootential savings of $2000 per buoy planted might be ichieved by deploying buoys from

Ketchikan, Alaska, rather thar from San Francisco. At first estimate, this saving must

be viewed as marginal, since other costs could easily approach the $88.000 that might

be saved. * *

Use of U.S. eastern seaboard ports other than Portsmouth, Virginia, provides

potential savings of about $1000 (or less) per buoy planted in the Grand Banks and Gulf

of Mexico MDZs. Such savings cannot be viewed as highly sigilficant, because the-

would doubtless be reduced by coats that have not been included in this analysis.

2.9 Effect of Variation in Time-In-Port Per Cruise

A factcr of 10 port days per cruise has been used throt-Vbout moat of thlir repect;

in Section 7.0 the effect of using values ot 5 and 20 port days per cruise has also been

considered foir the 375-buoy system, deployed from both the 3-port itiJ 8-port configur-

atlor.s. Table 2-2 shows a sammnary of the results for the 12-buov, 18 kt thip, with-

safety factor of 1.0, and time -to-plant ot 24 hrs. Ihb daem from rable 2-2 IndribAes

that reducing port time per cruise from 10 to 5 days red""ce total dft time

by about 16% fc.r both 3-port and 8-port drplovments Incraesng port time pe•t crule

from 10 to 20 days increases deployment time by 30% in both cases. Similar changss

around 10 port days per crulýv ,"cult In vu.rtatlons in total deýloyment cost of sbout

13'I matictiU for 5 port days per cruise and 26% ýncreaae for 20 port days per crutie.

A reductia••m of xn port day per cruise from e nominal value of 10 has an overall

average effect of increasing the deployment capability of the 12-huoy, 1 kt PhIp by

*For a description of ModkIhr Deployment Zones, see -ection 4.1
S**In the 175-buoy syutem thre are 44 buoys in the Gulf of Akaxka IKDZ. hece,

stvings of up to $88,000 wight be achieved for the stipulated condltios in ToNa 2-1.
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about 4 to 5 additional buoys per ship-year, although consideration of specific geograph-

ical regiona and ports might modify this p1qnning factor by a. much as a factor of 2.0.

TABLE 2-2
SENSITIVITY OF DEPLOYMENT CHARACTERISTICS

TO VARIATION IN PORT DAYS PER CRUISE

PAverage cost Avetage no.Port days TrA&I deploys- Total deploy- per buoy buoys planted

per cru1t, ment time ment cost planted(si aa)(M ~planted per
(a( days (p($K) ship-year

3-port

5 885 5 95 1').9 142

10 1,045 6.8 18.1 120

20 1,363 8 AR 22.6 92

8-port

5 846 5.53 14.7 150

10 1,004 8.4 17 0 125

20 1,328 8.09 21.6 95

Notes: I. Tirrm-to-plant - 24 hrs
2. Base cost/sea da, $5000
3. Saf'5ty factor - 1 0

4. Ship speed -18 kt
5. Days/ship-ye r 3n5
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2.10 System Relative Effectiveness

"The very brief investigation of system relative effectiveness* undertaken in

this study w•s confined to a limited number of economic user catiegorier (seven), that

did not include military or all social (general public) users. Primarily for illustrative

purposes, relative estimates of data use were subjectivel made for each of the 7

economir, user categories in each of the 9 MDZs for each of the sevea data buoy sys-

tems. The results indicated that higher system relative effectiv'eness could be achieved

by allowing the system designer flexibility to locate buoys where the data (or data

products) give rise to greater benefits. The avei-ap marginal system relative effective-

ness* decreased linearly through the 375-buoy system to a value of 0o.8% per buoy. 4

In going from the 375-buoy to the 500-buoy (baseline) system, the average syotemt

effectiveness reduced sharply to only 0.043%, indicative of the fact that Uie 375-buoy

systerm (unconstrained deployment) had a relative system effectiveness of nearly 95%

in .ompaiison to the 100% Wffect/veness assumed for the 500-buoy basellne system.

This cursory system relative effectivenes4 effort is intended only to provide some

insight into this sbtect and to outline a "strawman" approach, for a much needed

thorough stuyv in the future of system relative effectiveness.

To avoid un6'A# complication in preparing the illustrative examplv., it w. 1
thi. the S0O-bucy baseline eyotew wau !00)% affoctive in sarfying the user neo*. Thne
efiectivenems of the other six buoy systems was then eetemated N o" esh of the sorren
user categories rulative to the (Ej.u_ eftect/vaeess at (he bass lne zystem. This
procedure wouid not have beewn used, if more resources had been available for this turt
of the study,

* * Average ,narginal syitem relative effectleness Is tbc ctme in eatt•ated
relative system effecti-veness divtide by the number 4( buoys Involved in the change.
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3.0 C(ST DATA

3. 1 Ship Costs

The cost of operating a ship to deploy buoys at selected locations is in large

part a function of a base cost per sea-day--a cost defined in this study to be primarily

determined by the number of personnel aboard ship. The UbCG NDBS DPO has

specified two basic ship options for this study: an automated ship requiring a mini-

mum ship _perai.ons crew, and a conventional ship. The NDBS DPO considers at

this time that a marine data-gathering team of 19 men will be used aboard data buoy

Lenders for collecting comparative data to assure that each implanted buoy is operating

properly, and to acquire asitional data enroute and at sites where data buoys would not

be located. The number of personnel required in addition to the ship crew and the

marine data-gathering team will depend on the buoy deployment/maintenance concept

implemented. For example, buoy maintenance might be achieved by complete re-

furbihrnent at sea; then more buoys would be maintained per cruise than are carried

on board from port. Or, all buoys may be refurbished at a shore depot; the number

of buoys rreintained each cruise would then be equal to the number of buoya carried

from port. Table 3-I delineates ship manning for the automated and conventionsa

ship approaches. Using the ?nservatively high figure of $55/day as the average cost

of personnel aboard ship (includes o•msiderable overhead), it is evident that personnel

coats por day lie in the range $6900 to $4270. For this study the NDBS PMO directed

that an average base oost per sea-c'y of $5000 be used, and thpt vy 'es of $2000 and

$8000 also be investigated to ascertain the sensitivity of ree'Its to variations in hase

cost per sea-day. * The NDBS I)PO directed that a ship maintenance cost per sea-

day that is a function of both ship speed and ship buoy-carrying capacity should be

addea to the base cost per sea-day. Also, the NDBS DPO provided fuel cost per n ml

as a function of ship speed and buoy-carrying capacity. These data are shown in

Table 3-2 along with ship construction cost commensurate with the ship maintenance

and fuel cfo*t riata.

* Use of three base ocsts per sea-day is euily translated into other meaningful
figures. For example, $5000/day is equivalent to an averoge cost of $48 per day
($17, 5b -/year) for each member of the 104-man crew aboard the m~aximum main-
tenance auc.-mated ship.
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"TABLE 3-1
SHIP IMANNING

Buoy Deployment Tot3I

Wp Ship Marine Data Msatenance Crew Personnel
I_ trew Gathering Team Max. Mim. Max. Min.

Automated 45 19 40 24 104 78

Conve. ali 1  67 19 40 24 128 110

The total ship cost attributable to deplaoyim buoys is the sum of thre" tends-

.1) Ship malvtenance oost per as-<Ly plus base cost per sea-day, both

multiplied by number of days At sea

(2) Ship maintenance oost per sea-day plus moe crAt, or ,a-dAay, both

li-tipbe by 0. 94 and ntn multiplied by the nnumb,- aldays In port (umber

of days in port per iruise wa set at 10 by A{DIS DPI, airection),

(3) F"°el rcst per n ml multp• 'ed by total d~stanoe traveled per cruiee.

lese terms are sh&s a in the following equation.

C P )x Nx Trj + 40 + (DXF xq F]

where C inTotal Ship fruise Cost)
B • Baee Cost."s.s-Njo S)

M -ainenacoe at/ea-Day 0
D - itut oe Trveled (nh l)

3 - Ship 'lpeed Gct,

N =No. ýýioys Dep'.iyed

T - Tl•me-to-Plant Esob Buoy *Iays)

F = Fuel Cost/n mi 0)
P - Port Time/Cruise * dayus)

* time/orulse may be made vadabse with Mad upwr and lower bowm,
aa a function of the ratio of buoys carried to ship buoy-carrying capacity. The buoy
deployment maintenance model provide. this convenience.
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I
TABLE 3-2

SHIP COST DATA

Ship Maintenance Cost/Sea--Day In Dollars

hip Ship Buoy-Carrying Capacity
spez [

4 68 O1

9 246 306 445 300 600
1 24' 3(16 445 600 600

15 046 306 445 60( 600
S306 306 000 60(: 600

21 515 780 00 780 780
24 980 980 980 980 980
27 1200 1200 1200 1200 1200
30 1400 1400 1400 1400 1400

Fuel Cost/N MI in Dollars

Shpe Ship Boy-Carrying Capity

6 8 10 12
9 2.m9 2.75 2.75 5.78 5.78

12 2.19 2.75 2.75 5.78 5.78

15 2. 3.68 3.68 5.78 5.78
16 4.38 4.38 7.01 7.01 7.01
21 7.51 11.27 11. 2 11.27 IL 27
24 16.43 16t 43 18.43 16.43 16.43
27 2& 37 23.37 23.37 23.37 23.37
30 so 30 30 30 30

ftdp Comawtuotm Cost bi Mllow Of Dollars

Ship Ship Buoy-Carrtyng Capacity
Speed

4 6 8 10 12

9 7.9 10.7 11.6 16.4 16.4
12 7.9 10.7 11.6 16.4 16.4
15 7.9 10.7 11.6 16.4 16.4
18 10.7 10.7 16.4 16.4 16.4
21 14.7 20.8 20.8 20.8 20.8
14 25.6 25.6 25.6 2.6e 25.6
27 31.5 31.5 31.5 31.5 31.5
30 39 39 39 L 39

18



In the buoy deployment model, distance traveled on each cruise is determined

by computing the great circle distance between port and first buoy deployed, plus

great circle distances from buoy to buoy for the remainder of buoys deployed, plus

the great circle distance for the return to port. * Navigation points can be interspersed

between buoy locations In order to circumnavigate promontories, peninsulas and

islands.

Costs for each specified deployment cruise were computed in the manner in-

dicated above and summed over a& cruises to give total ship costs for carrying out

the deployment of buoys in each MDZ. This value was divided by the number of buoys

in the MDZ to determine an average coat per buoy planted, directly attributable to

ship operation costs. (In scheduling actual deployment cruises for this study, It was

the practice to include some buoys along the boundary line of an adjacent MDZ when

needed to "asure that all cruises were carried out at full buoy-carrying capacity.

Thus, the actual number of buoys deployed per "zone" tended to fluctuate slightly from

run to run for some MDZs.)

Ship maintenance costs and fuel costs are shown as functions ct both ship speed

and buoy-oarrying capacity in Fig. 3-1. Note that these graphs dearly indicate that

the costs for high speed vessels are independent of buoy-oarrying capacity in the range

considered. Fig. 3-2 shows comparable ourves for ship onastruction cost. Tale

3-3 gives additional information ooornclng the ship characteristics.

3.2 Mf ot

The buoy deployment and maintenance computer model has ihe fa•,ity to compute

the cost of eacl buoy deployed as a function of ooean depth. The .qired inputs are

base cost of the buoy, cost per thousand feet of mooring line, and cost of the mooring-

mounted oocwxqr~bio sesor packaes assumed located at twenty of the Internatonal

Association of Physical Scientists and Oceanographers (IAPSO) levels from the surfa.ce

*In ths sty the deployment ship always returned to the port from which it do-
pu&ed. The computer prqram, however, is amenable to tho use of separate de-
parure sud return ports. In addition, a departure port and a depot at which buoys are
onloaded om be speoiftW as roadne Inputs to the progsrm. The model has no In-
herent limilation on number of buoys deployed, ports visited, or navlgati1m points
used.
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to 5000 meters depth. * Table 3-4 lists the costs provided by the NDBS DPO for

elements of a typical one-point moored 40--ft diameter discus-shaped data bucy capable

of one year of unattended operation. These are representative conservatively high

costs and are subject to change (in either direction). At the time of completion of

this report, the selection of data buoy shape, size, and sensing characteristics has nr L

been made. The representative costs in Table 3-4 have been used only to demonstrate

the costing capabilities of the buoy deployment/maintenance cost model.

*Thw IAPO0 levels at which ooessmoaphlo Uatrmwnt paekagp are assumed
locatodare 0, 10, 20,30,50,75, 100,150 (,2,4,5,6,8, 10,15,20,30,40, 50) x 100 meter.
When the distawe from the last IAPSO loeyl to the boftom to 0. 7 or more of the
L4PS Inerment, an instrument paokgse to assamed to be Io•oed near th bom.
Under no owdtions does the number of ocemognrsio saior packae exoeed 20.
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TABLE 3-3
NDBS DEPLOYMENT/MAINTENANCE SHIP CHARACTERISTICS

Average Buoy TypalS Sip Ship Shalt Lose Ship
SShi Sheg S Payload Storage

CostSee Horse DSPpr . (tons) Area Carrying
Oct)(ft ft) Capacity +

7,900K 250 15 1300 1870 590 114 x 42 4
12 660 4

9 390 4

$10,700K 300 18 3000 2700 780 148 x 44 6
15 2100 6
12 1060 6

9 630 6

$11,600K 300 15 2100 3600 1530 148 x 44 8
12 1060 8

9 630 8

$14,700K 350 21 6000 3450 690 175 x 50 4

$16,400K 350 15 480 4950 1930 175 x 50 12
is 2800 12

12 1430 12
9 840 12

$20,300K 400 21 90 64N0 2350 200 x 50 12

$25,60OK 450 24 1, 000 s000 1730 I" 250 12

$3,5o00 5600 27 K, o0 615o 1470 100 x 55 a
930,oook 550 80 40, 00 0 OO 130 m2x5

fAt the time d prn i m rport, the oala ad shape of NDD data b"oy
,,d not yet been #eeotad.
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TABLE 3-4
HARDWAE COSTS FOR 40-FT DISCUS BUOY*

40-Foot Disous

Item Cost bDolarz)

101 Disos Hull 80000

)boortng/100 Ft. 175*

40 Power Sytoem 10000

Daia Storage 10000

Dat., Proo. - Soon. 15000

Time Control 1000

Buoy Telemetry 15000

Fuel S•pply 200

Moorntg Tension 500

Hull Temp. 100

Bilge Water Lvl 50

Meg. Hesaiag 100

Anholr Rldease 200

Anchor, Chain, Etc. 1000

Nay. Radio Beacon b000

Nay. Light/Horn 500

Ambient Note. 1000 (2)

Ambient Light 1700 (2)

Trmsporeoy geener 1100

Wave &Msar 350

Atmmo. Pro". 8enor o00

Air Tmp. Sensor 400

Dow Point Senoor 1500

Wind Veloty bensor 600

Prep. Rate Sensor Boo00

Insolation Slmsor SO0

Atnos. Mloc Somor 1000

Subsurface Sensor Pkg. 70ie**ach

BNai Buoy Cost - $158,200

Mooring Cable - $1, sol0Aoo ft

suseurfiee Sensor Patmap - $1. 00" eta

*Toee. representatlve oos.a ame not to be used tor finanoial plaming purp,•oes.

"•Not Inolwded in basi •on--doO d*epmdmt) oost.
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4.0 NUMBERS AND GEOGRAPHICAL LOCATIONS OF DATA BUOYS

It is emphasized that the primary purpose of this study is to determine

statistically useful results to support development planning in the NDBS DPO. For

example, the sensitivity of costs to locations of buoys and deployment/maintenance

ports is of fundomental importance in defining ship design parameters such as ship

speed and buoy-carrying capacity. It is of interest to have an accurate count of total

length of mooring line required, total number of oceanographic oensor packages

needed, and total cost of buoy hardware deployed in various gef,;. aphical regions.

These and other results from this study are useful for development planning at this

time. Clearly the choice of actual locations for deployXmeut of buoys will require

inputs from all governmet agmc,.e (and the data users they r!2re4eat). Buoy loca-

tions used in this study are, therefore, to be considered only as represeutative of
both grid spacings and choice of locations that nWy ultimately be selected. The

statistical results from this study, however, are believed to be re,•iveI t alg

of the selection of site#, at will be mad. clear in Section 5.

4.1 Constraints md Sa~mnaries o* Pioy Lmontis

For the purposes of this stay, the UBCO NDBS DPO specifiod the chracter-

istics of the baseLine data bioy uystem to be 600 buoys uniformly distributed in a

600a mil grid in the NDe Oeeas at the norrthnam hinns" betw. tMe qua•ta

and 600 N latitude an is a uniform 100 a ml pd in be CoasW Nor* Awrim

reotous outt to 400 mnI ad sh~ohms. Ihen pid sapnslp resultmi Ot 1,0 Ne

Ocean buoy. and 3.0 Coo.tal North American bwIs, Certaf mortheft bawmispher

gpeogaphcal areas wer proscribed by the Nl 8 P11O for deptymot of bmys:.

"* The region between the oquator and the southmr coast of Africa

" The Mediterranean Sea
"* 1ew Sea of Okhotsk

"* Reooms adjacemt to the coast of Communlst China. 0

To plac the results of th buoy deplbmmet st* ca a statistcally comperativo

basis, it wa elected to divide the DeW Ovean regom ot the world tao a total ad

- Thess proscribed areas were avoided to all buoy deploymets.
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3even Modular Deployment Zones (MDZ), oi which three tre in the northern

hemisphere. The (Co*taL North American region was divided into. six Modular

Deployment Zones, The thirteen MDZs are shown in Fig%,,re 4-1. For the northern

hemisphere 500-buoy baseline system, approxizately 50 to 60 buoyti are located ir

each of the nine northern hemisphere MI)Zs.

L :

KP NA Y

PII i | I t

Ftg. 4-1. National I'sta Buoy Systems Modular Deployment Zones
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The NDB8 DPO selected Portsmouth, Virginia, San Franciset-,, "alifornia; and

Honolulu, H&waii as representative deployment port locations, suitable for this initial

study. The MDZs served by these three deploxment ports are given in Table 4-i

beiov,

At t1he direc-tion of the NP3S DPO, seven northern hemisphere data buoy deplo%-

ment configurations have been investigated in this etutd. Beginning with the 500-buoy

unifcrm-grid baseline system, the r'emainiag si- iep! ymcnt configurations are based

on successively smaller percentages of the U-seline system deployed according to a

series of different rationales. A th-e,"-fourths of haseline system (375 buoys) was

deployed in a 600 n mi Deep Ocean grid (100 buoys) and a variable 100 to 150 n mt

Coastal North American grid (275 buoys). These grid spacings were determined, in

a TRC effort carried out in parallel with this study, as u-,ose most applicable for av

initial NDBS. Government agencies stating requirements for meteorological and

oceanographic data corcurred with these grid spacings j 3. With the exception of the

North Pacific West and East Coest MDZs, the 375-buoy deployment r. suits in each

MDZ holding approximately three-fourlis of the number of baseline buoys' in each MDZ.

T"•o 250-buoy deployment configurationms were prepared. Th"e, represent one-

half baseline systems. In one of these configurationt, the loý2atlon of buoys was left

much to the discretion of the zsystem designer, " and the preponderance of the total

ntmuber obuoys waupLacedin MDZn ir which it *%s considered deployment of buoys

would be of high economic benefit and cot of deployment would be hela to a minimum.

MDZs in which locatiort of buoys inigt not be A comnparable economic benefit htld a

smaller percentage of baseline buWs. The second 250-buoy co xgura(,4 Vn was con-

strained in each MDZ to have usrtly 50 per oeit of the number of baseline buoys.

The aztual locationn of buoys writhin the MDZs wis lItf to the discretion of L.- '#syaitm

ueslper, as bef1"r.,
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TABLE 4-1
DEPLOYMENT PORTS AND MODULAR DE PLOYMENli ZONES

Region Modular Deployment Zone Deployment Port

Coastal Grand Banks (GB) I Portsmouth, Virginia

East Coast (EC) Portsmouth, Virginia

jNorth Gulf of Me-mco (GM) Portsmouth, Virginia

kmerica j Mexican Coast (MC) San Francisco, California

West Coast (WC) San Francisco, California

jGulf of Alaska (GA) San Francisco, California

Iorthei n North Pac!fc Easto (NPE) Honolulu, Hawaii

lHemisphere North Pacific West (NPW) Honolulu, Hawaii

Ie I North Atlantic (NA) Portsmouth, Virginia
loeans

Using the same tvwo rationales outlined above - umconstrained deployment and

deployment constrained to a fixed percantage of baseline buoys in each MDZ - t-wvo

125-buoy conlgurations were established. In the uzconstrained case, location of all

125 buoys was left to the discretion of the "system designer, " In the second ( ase,

each MDZ contained Z• per cent of the baseline buoys previously located in the MDZ,

Thc final buoy configuration provided only 12 per cent of baseline (60 buoys).

There was a t of 36 buoys in the eastern region and 24 buoys in the western region

with 56 of these buoys located in the CNA regions and 4 buoys (3 east coast, 1 west

coast) located in adjacent DO MDZs. All locations were left to the discretion of the

"system designer. " The above comments are summarized in Table 4-2. The re-

mainder of this section describes i0 some detail the rationales behind the location of

tuoys in the seven deployment configurations used In this study.

The next five sub-b.. tions describe %he seven deployment configurations in

greater detail.
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TABLE 4-2
BUOYS DEPLOYED IN MODULAR DEPLOTYMENT ZONES

Modular Buoy Systems __

Depioyment 37 20050 %5
I t j

Grand Banks 56 40 1 7 28 6 14 4

1atC at5 53 ~ 49 2729 13 IS
Gidf of Mexe g0 52 36 30 20 15 19

Mwxican CoaW. 80 38 8 300 3 15 0

West Coast 1 67 48 33 33 23 17 15

Gulf of Alska 54 44 2't 27 15 14 7

CNA Total 350 275 167 175 98 88 56

North Paciflc West 53 29 16 26 0 13 0

North Pacific East 49 35 34 25 13 12 1

North Atlantic 48 36 33 24 14 12 3

DO Total 150 810 83 75 27 37 4 4

Grand Total 500 375 250 250 125 125 60

4.2 The 500-Buoy Baseline System

The 500-buoy baseline system, ahown in Fig. 4-2, was derived in part from the

summary of national requirements for maruie meteorological and oceanograio dedt

collected as part cf the 1967 NDBS Feasibility Study. In the 500-buoy deployment,

little or no emphasis has been giwen to locating of buoys to satisfy unique data needs

from specific areas. Nor has positimauig of buoys to satisty potential economic

benefits or to hold down deployment costs been introduced in an express fashion. The
500-buoy system was based on composite 1967 national operational data requirements
from many government agencies specifying need for data from 100 u ml grid points

in the Coastal North American regions and 500 n mi grid points in the Deep Oceans

of the world. As will be discussed in the next section, refinement and ro-auaessment

of 1967 data requirements has indtoated that a lesser number of buoys in the northern
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hemisphere might be adequate for initial satisfaction of requirements. Pence, the

500-buoy northern hemisphere deployment appears to be a reasonable upper bound on

system size for consideration at this time. Systems with !esser numbers of bu,.-rs

can be taken as representative of the likely evolutionary growth naLoWa data buoy

systems are apt to undergo. Because of the larxe number of buoys in the 400-buoy

baseline system, it appeared that uniform grid sp'cings for the baseline system would

be best for development of statistical comparisons with configurations of fewer buoys.

4.3 The 375-NMy SFystem

In the 375-buoy system, shown in Fig. 4-3, specific attention has been given to

satisfying U. S. government agency requirements that were reviewed and refined (by

the agencies) during 1968. These resulted in a 600 n mi grti for the Doep Oceans

and a variable 100 to 150 n ml grid In CNA, and need for buoys at a number cf

selected sites. In Fig. 4-2, buoys in the innermost row of CNA buoys are approxi-
mately 25 n ml from shore and approximately 100 n mt &part, The next row is

approximately 100 n ml from the first and about 112 n mi apart. The third row is

125 n mi beyond the second and thece buoys are 125 n mi apart. The fourth row

extends 150 n mi beyond the third and the buoys are 150 n mi apart. The above

comments hold for a•l CNA MDZs with the exception of the Mexican Coast. There,

the buoys in the first ro-v are 100 n mi from shore and 100 n ml apart. The second

row is 150 n ml beyond the first and has buoys 125 n ml apart. The third and last

row is 150 n mi fromn the second and those buoys are 150 n mi apart, These

comments are summarized in Fig. 4-4.

As is evident from Fig. 4-3, not a0 CNA buoys are located in the variable grid

described in the Grand Banks MDZ, fishing and shipping interests in the Gulf of

Maine and on the Grand Banks have been recognized. The Labrador Current is moni-

tored up through the Davis Stralt the ice patrol area below Newfoundland continues

to receive good coverage. Certain CNA buoys are located to meet specific require-

ments such as the transect lines In the East Coast MDZ, where buoys are deployed to

monitor the flow of the Gulf Stream and to detect IWpioal extra-tropical cyclonic dis-

turbances that originate In he southastern U. S., or cU-shore, then move out to sea and

up the U. S. eastern seaboard. Additional transect lines are indicated across the
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Florida Straits and the Yucatan Channel. h, the Gulf of Mexico, buoys are located off

the Louisiana and Texas coasts to provide meteorological information for the off-shore

oil and gas industry and the shrimp Industry. The Gulf of Mexico gyre is monitored by

means of eight buoys in a square, north of the Yucatan Straits. Some buoys serve the

USAF test range in the eastern section of the Gulf. Other buoys are placed in locations

providing exa that would serve the U.S. fishing industry and the general needs of

local inland and maritime weather and marine forecasting and hurricane warning.

Buoys off the Mexican coast are located primarily to provide oceanographic and

meteorological information for the fishing industries. Extending northward along the

U. S. west coast, CNA buoys would provide data useful for inland and near-shore

meteorological purposes, off-shore oil and gas in the vicinity of Santa Barbarp, other

mineral resources, and commercial and sports fishing. Some northernmost West

Coast MDZ buoys are deployed to satisfy a requirement to monitor the out-flow of the

Columbia River. In the Gulf of Alaska, meteorology and fishing are of primary im-

portance, with coastal buoys of use to off-shore mineral operations (one buoy has been

specifically located in Cook Inlet to provide information useful for oil and gas explora-

tion and production operations).

In the Deep Ocean regions, it has been tacitly assumed that existing ocean

weather stations would continue to operate with manned vessels, and buoys are not

located near those points. Buoys are located along 150 0 W to satisty Air Force range

requiremients. Other buoys appear along standard transect lines between the U. S.

coastlint, and Hawaii. In the North Pacific and the North Atlantic, buoys are shown at

points from which data would be useful for optimum ship tracking routing (OSTR), and

long-range weather forecasting, Buoys are located in the Caribbean and southeast of

the U. 8. coast line in positions useful for monitoring hurricanes and oceanographic

currents.

4.4 The Two 250-Buoy Systems: Unconstrained and Constrained

In this discussion, the following two definitions will be used. The 250-buoy sys-

tem deployed at the disc, Ion of the "system designer" will be called the "uncon-

strained" system, The deployment, having in each MDZ 50 per ceot of the baseline

Mmnaber of buoys in that MDZ, will be called the "constrained" system. The uncon-

Sdeployment shown in Fig. 4-5 will be discussed first.
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In the Deep Oceans, buoys at great distances from U. S. depl(rnment ports have

been eliminated, s. g. ; in the North Sea, off the shores of Europe anc Africa, and off

the shores of Asia. Throughout the North Pacific East MDZ, the eastern side of the

North Pacific West MDZ and most of the North Atlantic MDZ buoy spacings of approxi-

mateiy 600 n ri have been mdritained. Buoys are not located at those points

presently being covered by ocean station vessels. Ocean currents, typhoon and

hurricane tracks, and some military ranges in the Deer Oceans have been considered

in the process of locating buoys. CollectiPn A data to support optim',.n ship track

routing has also been taken into consideration.

in the Coastal North American region, only eight buoys have been located in the

Mexican Coast MDZ, partly because 0• the high cost of deployment from the specified

port of San Francisco, and partly as a f-mction .f allocating buoys to potentially more

(economically) beneficial areas. Less buoys than 50 per cent of baseline have been

allocated to the Gulf of Alaska and the Grand Banks. More buoys than 50 per cent of

buseline appear in the East Coast and Gulf of Mexico MDZs and exactly 50 per cent of

baseline is positioned in the West Coast MDZo As before, these buoys are located to

serve off-shore oil and gas, and commercial and sports fishing interests, in &ddition

to providing transect data for monitoring marine meteorological and oceanographic

phenomena .n the CNA region for forecasting. For example, Gulf Stream transects

still exist in t") East Coast MDZ, and in the Gulf of Mexico MDZ; transects for the

Straits of Flor~ia and the Yucatan Channel are still in being, although each has been

reduced by one buoy. 'the Gulf of Mexico gyre continues to be monitored,as do certain

out-flow properties of the Columbia River.

The constrained 250-buoy configuration shown In Fig. 1-6 indkated the effect of

keeping a larger number of buoys in the Mexican Coast, Grand Tmanks, and Gulf of

Alaska MDZs; thus serving better the fishing interests in these zones. Previol.sly in

the unconstrained 250-buoy configuration, these areas had provided buoys used to

augment the North Atlantic, North Pacific East and North Pacific West Deep Ocean

MDZs. The constrained configuration affords fewer buoys for the East Coast and Gulf

of Mexico MDZs; thus reducing the fineness of transect monitoring and Gulf of Mexico

gyre monitoring. As in the unconstrained configuration, there is a buoy in Cook Inlet,

Alaska. for oil and gas purposes, and there are buoys for monitoring the out-flow of
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the Columbia River. Buoys are provided for marine me-eorolcgical and oceanographic

monitoring and prediction purposes in all MDZs.

4.5 The Two 125-Buoy Systems: Unconstrained and Constrained

Definitions of 'unconstrained" and "constrained" buoy config'xratious used here

are the same as those in the previous secion. The principal features of the 125-buoy

unconstrained system shown in Fig. 4-7 are the elimination of deployments in the

North Pacific West MDZ and the virtual elimination of buoys in the Mexican Coast MDZ.

North Pacific East and North Atlantic buoys are reduced to 13 and 14 buoys respectively

In the North Atlantic MDZ, buoys are deployed primarily to provide marine meteorolo-

gical and oceanographic data along principal shipping routeb and storm tracks between

the U. S. and Euroe and to monitor the generation and growth of hurricanes in the

-,outhwest Atlantic, In the North Pacific East MDZ, the principal ritionale for

deployment has been the provision of marine meteorological and oceanographic data

for weather prediction purposes - both long-range predictions for inland U. S. ar,:as

and short-range predictions for shipping, fishing, and CNA coastal regions.

The Coastal North Americun MDZs in the i25-buoy unconstrained, system retlect

the assumed higher priority for data directly off the east and west coasts of the U. S.

A line of buoys in the Gulf of Alaska, approximately 100 to 1i5 n mi from shore,

provides monitoring for short range weather prediction. A much coarser group of

buoys, 400 n mi from shore, hau also been provided. Cook Inlet, the ColumbiL

River out-flow, the regions west of San Francico and Santa Barbara, and the region

west of the Southern California megalopolis have all been given am much consideration

as this small number of buoys permits. In the Gulf of Mexico, momitoring continues on

a reduced seale in the Yucatan Channel and the Florida Wraits. Nearshore fishing

and oil and gas interests in the Gulf of Mexico contirue to be served. Buoys in the

viciruty of the southwestern Gulf of Mexico MDZ no longer appear. Off the U. S. east

coast the density of bjoys has been hold reasonably high, serving shipping interests,

fialung interests and marine meteorologlc.al -and oceanographic observation for short-

range prediction. The Grand Burks MDZ now Includes only eight buoys, none of which

app,,ars in Davis Strait, leaving only approximately three or four that could be con-

sidered effective in monitoring the Labrador Current. Only one buoy remains in the
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Gulf of Maine. The Grund Banks fishing area and the ice patrol area are still served,

but to a lesser degree than previously. Though reduced in number, the buoys are in

position to provide useful meteorological monitoring of blocking high pressure systems.

Fig. 4-8 shows the 125-buoy constrained deployment cc~figuration. In this case

13 buoys are required in the North Pacific West MDZ and are arranged to provide frtfmn

the Central North Pacific meteorological and ocean-curzent information, especially the

monitoring of typhoons. The North Pacific East and West cvnfigurations are deployed

with consideration to the location of present ocean station vessels and the potential to

monitor meteorological conditions from islands (which do not appear in the figure).

The 12 North Pacific East buoys primarily serve ocean transportation and long-range

meteorological prediction interest, although some U, S. Air Force and U. S. Navy

range requirements have also been considered. In the North Atlantic MDZ, coverage

of storm track and the principal shipping route between the U.S. and Europe have been

the principal considerations, along with deployment of buoys north of Puerto Rico for

hurricane monitoring and to serve shipping and sports fishing. With 25 per cent of

baseline buoys in each CKA MDZ, east and west coast coverage L; much reduced from

the umonstnied 125 buoy configuration. The same Is true for the Gulf of Mexico

MDZ. Molitor"ing the Yatan Chan"e and the Florid Stralit has become minimal.

Little 'or no mweoutlio of the Oulf of Mexico uw. can now be expected, but Continental

If flsbing interests in the Gulf ot MUdoo contime to be servd in eam"t"ly the
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Coast, East Coast. and the Gulf of Mexico MDZs have 15, 18, and 12 buoys respectively.

These buoys are located strategically to serve oil and gas interests, commercial and

sports fishing interests and, to the best extent possible, meteorological and oceano-

graphic :orecasts in coastal and inland regions and off-shore maritime regions.

4.7 System Relative Effectiveness

It was not one of the major purposes of this study to consider the effect of system

size (number of buoys) and locaion of buoys in a system relative effectiveness frame-

work. It was rerognlzed, however, that location of buoys for the seven data buoy

systems should be based, to the degree possible, on rationales relating buoys in various

MDZs to the potential utility of the collected data and likely data products ultimately

to be produced and used. At the request of the NDBS DPO, TRC undertook a very

brief and highly sublective analysis of data buoy system relative effectiveneis as a

function of system size.

In contrast to other topics in this report which are based on objective strucl-res

of .nalysis and are believed to be at least as well-founded as the cost and other assump-

tionrs that underlie them, the system relative effectiveness results presented here are

recognized to be completely open to dispute and obviously in need of considerable

refinement. Both TRC and the NDBS rTPo recogntzed that neither time nor resources

were avail*ble to carry out a study -f data buoy system relative effectiveness at the

desired level of detail. Yet, it w.!s clear to both parties that the need existed to create

at least an initial "strawman" to give some insight Into the complexity of relating

numbers and locations of buoys to the utility and/or benefits to be derived from the

collected data and commensurate data products. The siubjective approach used here

may serve this need somewhat by providing an initial frame of reference for discussion

and some topics and ideas to stimulate f'urther thought along these Unes.

4.7.1 The NSO~esl betea

The 500-bwW baseline system (Fig. 4-2), provides more buoys, more doý •ely

located in all MDZs than nwW of the other systems (minor eaoeptios: some transwt

lines that pear In the 375, 260, and 50% systems). More area is covered by the

"baseline system, although the %vrth" to the U.8. ot haeyi bwoys in the far reahes

of the Northwest Pacifie is by no means clear. (It must be remembered that the form
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of the baseline system was primarily specified to give a •elerence point for the deploy-

ment study.) The baseline system is arbitrarily assigned a system effectiveness

score of 100. The estimated system effectiveness for each of the six other data buoy

systems is scored relative to the 500-buoy baseline system.

4.7.2 Criteria for Estimating Effectiveness Scores

The list of users of the oceans and marine environmental information has been

well-documented elsewhere, especially in efforts to establish the nature of potential

benefits to be derived from collection of marine data through use of buoys [5]. For

this cursory effort, seven categories of economic users were used; Table 4-3 s',ows

these categories and relative weights assigned to each. It is obvious that to be more

complete, Table 4-3 should also include several militaii and social 'general public)

categories.

TABLE 4-3
RE LATIVE IMPORTANCE OF ECONOMIC USES

OF BUOY-COLLECTED DATA

Usea j Relative importance (weightt)

1. Lowg rs-e forecasting 1 15

2. 8hozt range forecasting 15

3. Ocemn research 35

4. Ofl/ps/minerals 102

5. Commercial fisheries 10

S. Recmteon 5

?Wi Other 10

Total ___ __

It woudd be Noy that data drlvted tm each oathe 9 Dorhers hemtcphWre =s

woeld all be o 6qPl vlT", evei to a Sg ctt ry 0 usres. Treors, a m =x/nn

awbable moor. vu asslp.4 to o 3M the sBowe (TWabW 4-4) w.AM Persoi

E wtwout d do reatI*# "sb"atm data from eah DZI.
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TABLE 4--4
MAXIMUM ATTAINABLE MDZ SCORES

MDZ . Aximum attalrnble MDZ scoresI(

Grand Banks 8

East Coast 19

Gulf of Mexico 13

Mexican Coast 5

West Coast 18

Gulf of Alaska 12

Subtotal 75

North Pacific West 4

North Pacific East 10

North Athatlc 110
Subtotal I5
T[l Rbre , 100

4 ;7 .3 •p •R•atl- .3.tf•# [,.
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TABLE 4-5

_ESTIMATFD RELATIVE EFFECTIVENESS SCORES

Data buoy system estimated relative effectiveness score

MDZ 500
base- 375 250 50% 125 25% 60
line

GB 8 7.6 4.8 6.4 1.6 2.8 0.8

EC 19 18.05 17.1 11.40 11.40 3.8 10,45

Gid 3 12.74 8.45 9.75 5.20 2.6 3.9 14

MC 5 4.9 2.0 4.0 0.25 2.0 0

WC I8 16.74 13.59 15.3 9.0 4.5 4.5

GA 12 11.64 7.2 9.6 4.8 3.6 2.4

Subtotl 75 71.67 53.05 56.45 32.25 19.3 22.05

NPE 10 9.5 9.0 6.0 5.5 0.50 0

NPW 4 3.2 2.4 1.8 0 "• 0

NA 10.45 8,25 3,3 5.5 II 0

Sub2otal 35 2.315 19.86 10.9 1A.0 1.88 0

Tota 100 $4.61 72.70 07.35 43,25 20.9e 2205
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2. For data bu steoy growln- in siize , r(- rn,-, high rgr~ l

system relative effectiveness is achieved by l,.tting .he sys .n de-signer

sele-t locations that best support data requir,.mc-,ts 'and benefit T he

alternative of building up a data system by equal voluticnary groxth in

ati MDZs (the 50%T and 25T s 3tems) is not as tcileet. e an appr )ach.

3. Marginal system jelative effecttveneqs be,.omes low, once about

375 buoys have been deployed

4 Compared to a hypothetical !Inear growth, the system relative

effectiveness results for the seven buoy systems studied show that

,narginal system relative effectiveness peaks with the 60-buoy system,

and 0ontinues relp,,,-oly high hrough the 125-buoy (unconstrained)

system. At the point of the 375-buoy system, marginal system relative

effectiveness per bkioy added la less than one-hatf the value of the

60-buo-,, system Beyond the 375-buoy system, marginal system relative

effectiveness is of tte urder of one-tenth the value for the 60-bun- syatem.

None of the above comments is out ol line with what probably would have been

grossly estimated on an Iatuitive basis. Ye t , It must be fully rtc~qpwzed that agree-t

ment with intuition is iusuifieient to give a high level oi colfidence to the use Oc the

results pi,•aed here ind.ed, this brief bwveotlttlon points out all the more atron1y

the rned to expond am to two svagrAbidte more effort to relate in a truly objective

fav%%n ut•Ifty of dat aasd dtta products a.nd/or beaefits to number* and locAtions of

date buoys. It is haed that th/s brief exa•pule will oerv to arowse thought ad •Interest

la advancing this a&I of ld%.



4.8 Summay

In summary, it must be stressed that the principal cotsideration in this buoy

deployment study was to locate specific numbers of buoys at reasoably represeutative

ocatlions throughout the northern hemisphere Deep Oceans and Coastal North America

regions. To carry out Nhis assignment, any of a number of approaches might have

beon chosen and, as a ma.ter of fact, at least three rather distinct rationales have

bee employed. The purpose for using three aiternative rationales was to determine

tho sensitivity of results, auch as average ship operating cost per buoy planted. The

locating of buoyb for the various configuratime used in this study shauld not be taken as

inflcative of preferred locations for NDB8 data-collecttng buoys. The exact locations

at which buoys will ultimately be deployed will have to be chosen by the appropriate

rs•resentatives of interested U. S. government agencies, In conjunction with the

idýutflea ultimate users of the data or products derived from the data, As will be

seta in succeeding sections of this report, it is considered that adequately representa-

tive deployments of buoys have been investigated to provide a firm statistical base for

decisios related to NDBS planning at this stage of buoy system development. As

ae•.tal desired locations of buoys are determined, the buoy deployment/maintenance

simulation and cost model used for this stb* can be used for determining explicit

stovtegles and details associated with coordtae agency/user location choices.
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5.0 ANALYSTS OF SHrP SPEEDS, BUOY-CARRYING CAPACITIES, ANDT COSTS

This section presents Suoy dsployment/maintenance simulation and cost model

results that Indicate "optimum" ihip characteristics, ba.ed upon the set of ship

char&cteriatico and costs devcribea In Secttion 3. While the results of this analysis are

not sufficiently comprehensive to state categorically that for the input cost data pro-

vided the "optimum" deployment ship has been defined, it is believed that the results

presented herein are sufficiently convincing to provide guidmnce for development
planning at this time.

A number of corollary buoy system deployment features are also presented in this

section. Many of these features are independent of specific input ship characteristics

and/or costs. For example, in Section 5.2 the total distance traveled to deploy all buoys

in each of the seven typical data buoy systems described in Section 4 Is given. These

results depend only on buoy deployment strategies, such as those described in Appendix

B.

This section concludes with a resume of buoy hardware costs, based on equip-

ment costs listed in Table 3-4, for a data buoy comparable to the ONR 40-ft discus.

In the course of computing buoy hardware costs, it hs been necessary to determine the

mooring depth for each buoy in all seven data buoy systems; a tota of more than 00.0

depths at selected geographical points in the northern hemisphere has been used. Another
output of the model that in Independent of moat inputs is towa length of mooring for a buoy

system and/or average mooring depth per buoy by MZ or for a total buoy system.

Total buoy hardware cost, of course, is dependent gpon the cost assumption of Table

3-4 and other assumptions such as the requirement to Instrument 1AP80 levels down

to and including det 5000 meters. Thus, the bNoy hanrare costs are prVeented

only to illustrate what these costs might be, in the event one of the more long-lived

types at data buoy is deployed.

5j1 Awroao to fk atiomn of &Mas aN& ()mHOWn 29d
One of the by planning factors that can be gem-eated from a tu*dy such as tWe

is the averag ship operating costs per buoy dAployed. This plmning factor is a ftmo-

tion of a large number of variables including all of those involved in Eq. 1 for total

shW otulse osti (see Ustton 3). Averge ship operating cot per buoy plaused in

defined t• be:
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K

YCck
Average ship-oporadng - k-- iEq. 2)
cost per buoy planted avg K

L Nk

where Ck = Total ship cruise cost on kth cruise () (see Eq. 1)

Nk = No buoys deployed on kth cruise

K - Total number of cruises.

The general nature of Eq. 2 Is of Interest because it is a function of ship buoy-

carrying capacity and ship spoed. Cruise deployment schedules &nd location of buoys and

ports and ship buoy-carrying capacity determine the dlsta•e traveled for each cruise. The

sum of all cruise distance& in an MDZ represents the total distance traveled to deploy

91i buoys in the MDZ and, when summed over all pertinent MD7s, givee the total distance

traveled to deploy all buoys In rogions such as CNA or DO, or for all buoys in a total

system. Once total deployment distance travelod is inown, average ship speed can be

used to compute time spent traveling, which is added to time-to-Implat all buoys to

determine total (minimum) cruise time. Port *yiy. per cruise is added to cruise time

to give total (minimum) deployment time. Fuel colt and ship maintenance cost per sea-

day depend on ship buoy-varrying capacity and ship speed. In general, ship maintenance

cost per sea-day and fuel cost per n mi traveled tend to increase with both ship speed

and ship buoy-carrying capacity, but in the non-linear fashion as indicated in Fig. 5-1.

In contrast, the number of days spent at sea decreases linearly as a function of ship

speed for given deployment schedules. In turn, that portion of cruise costs that depend

on time atmeaalsodecreases linearly as a function of ship speed. Thus, the cost curves

of Fig. 5-1, which are essentially constant over the low speed range of 9 to 15 or 18 kt,

and the linearly decreasing time spent at soa per cruise as ship speed increases, cause

ship operating costs to decrease until ship maintenance and fuel costs begin to increase

in the 15 to 18 kt region, thus caing cruise costs to pass through a point of minfmum

(at 15 or 16 kt for the cost curves given) and increase relatively sharply for ship

speeds above 18 kt, for all ship buoy-carrying capacities. These points are illustrated

1, Fig 5-2, which shows the general nature of the oost curves, the decrease In distance
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traveled (and hence total conts per cruise due to base costs per sea-day) and the

resulting average ship operating cost per buoy-planted curves, all as a function of

both ship speed and ship buoy-carrying capacity.

Of course, there are many other facets of the buoy deployment/maintenance

simulation that are of interest. A numbec nf these are shown in Table 5-1, which

gives for the 500-buoy baseline system North Atlsanmic MDZ, cruise data for an 18 kt

ship. The table illustrates that increasing buoy-carrying capacity from 4 to 12 permits
essentially a 50 percent reduction In distance traveled to deploy the 48 North AtlanUc

buoys (using the 8-buoy ship affords a 41 per cent reduction in distance traveled for

this MDZ). Of ocurse, this reduction In distance traveled is a direct function of the

number of cruises required; these range from 12 cruises for the 4-buoy ship to 4 for

the 12-buoy ship. Using a safety factor of 1.0, total minimum deployment time can be

determined; it varies from 331 to 168 days for the 4-buoy and 12-buoy ship respectively.

The amount of time in port and at sea is also indicated. For the 4-buoy ship. over 50

per cent of the time is spent in port; for thw '2-buoy ship, only 34 per cent of the

TABLE 5-1
500-BUOY BASELINE SYSTEM

NORTH ATLANTIC MDZ CRUISE DATA: 18 KT SHIP SPEED

Total min Time Time Max Avg. Max
Number deployment cruise cruise Avg. days No. buoys
cr*Ases time in port at sea lengh length per buoy p pertime lngth Inl• • planted per|•
required (days) (days) (days) (days) (days) planted ship yoaw

12 331 130 211 23 17.6 6.9 49

8 245 80 165 25.6 20.6 5.1 66

6 205 60 145 28.5 24.2 413 79

5 183 50 133 30.7 36.6 3.8 88

4 168 40 128 35.1 32.0 3.5 96

Note$, (1) Time-t)-f = 24 hr (4) Port tdas/crulo e 10
() Rom Cows (y = $5000 (5) suip q*d 18 kt
(3) Safety facto 1.3 (6) Dys/ship year 335
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deployment tirme is spent in port. It is cleer, however, that use of the 12-buoy ship,

loaded to Its riaximum capacity, will require average deployment cruise times of

35 days, minimum. (This factor depends in part on the a4sumptlon of 24 hours time-

to-plant for each buoy.) Because safea factor of 1.0 has been used, it must be

recognized that actual cruises could be longer in time than these figures indicate,

Such lengthy cruiaes may be bad for crew morale. (Of course, only four such cruises

would bi required to deploy all 48 North Atlezitic MDZbuoys.) Finally, the table

shows -wo Important planning factor- that can be obtained from the previously listed

data; namely the average number of days required per buoy planted and the maximum

number of buoys that could be planted per ship-year (based on 335 days per ship-

year).

The TRC buoy deployment/maintenance simulation and cost model provides

data shown in Table 5-1, as well as other useful information (see Appendix A). This

type of data has been generated and analyzed for each of the seven buoy systems out-

lined in Section 4. In general, in this section, specific results of analyted data will

be presented for the 500-bmoy baseline system. Comparable results have been

obtained for the other buoy systems but the results proved to be linearly dependent on

number cf buoys -in the system; therefore, for the most part, only average values

and total results are compared for all seven systems. It will become apparent, as

the presentation of material in this setctino proceeds, that the average values pro-

sented (the "planning factore") are essentially independent of the number of buoys

in the systems, once systems of approximately 100 or so buoys are talon under con-

sideratlon.

5.A2 Total XIt Trav*l0 to DeRWo

As discussed in the previous socdon, total distance traveled to deploy data

buoys is one of the key factors in ditermir=4 averaSe ship operating coast per buoy

planted. and is intrInstealty independent of cost assumptions. It is, of course,

comupetely dependont on the chooe of buoy aM ptot locations and the cruise scbed*los

rejattg them. A deUtfld dcsosion of pro(frrvi cruise s.oduliig is given in

Appeodx S. Figwe 6-3 shows throe typioal cruise deployment schsuls for the 0-

buoy baseline sevtem North Atlantle QM74 where therot are 48 buoys to be deployed;
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the figure shows cruise fchedules for 4-buoy, 8-buoy, and 12-buoy deployments.*

Figure 5-4 shows total distance traveled for the East Coajt MDZ Pad the North

Atlantic MDZ; average distance traveled per buoy planted iA also indicated on each

figure. Note that for the 12-buoy ship It is necessary to travel a little over 700 n ml

per buoy deployed in the North Atlantic MDZ, but only aboutl50n miper buoy planted

in the East Coast MDZ, thus Illustrating the difference in itistance ttaveled in planting

CNA and DO data buoys, a ratio of almost 5 to 1 in this instance. (It should he hold

in mind that for the 500-buoy baseline system there are 350 CNA data buoys and 150

DO buoys, or a ratio of 2.33 to 1.0. This ratio was held constant for the 50 per cent and

25 per cent of baseline systems. It was varied somewhat for the 375, 250, 125, and 60-

buoy systems.)

Considering all sevmn data buoy systems, Fig. 5-6 gives total distance traveled

to plant CNA buoyr, DO buoys, and th combination of DO and 'NA buoyb. Note that

the distances traveled for the 50 per cent and 25 per cent systems are somewhat

greater than for the comparaile 250 and 125 buoy systems. The primary reason for

this is that more buoys were doployed In the North Ptciflc West MDZ and the Mexioan

Coast M)Z in the 50 per cent and, 25 per cett systems. With these exceptions, total

distance traveled tends to be a mmotonlcaily (appridmately linear) cocreuaing

fumction of the number of buoys tn the eystem, as would be eopected.

Total d"stance traveled to plant all buoqy varies from 200,000 n mi for the 1?-

buoy ship deploy•ing the 500-buoy system, to about 50,000 n nmi for implantng the 1L2-

buoy and 25 ver cent systems. Yfgur 8-4 "hows the average d44stan traveled per

buoy planted for all seven buoy oyitatms. The CNA, DO and combined CNA and DO

reglin, are sbows separately with our"m for 4. , and 12 ruoys per shtp. Thrbe

fipres show te ltndepemdesce t awrr4p diatnee traveled per buoy plAted as a ft -

tien ot system size, at lest twot* Ow 12t-buoy and 25 per cwt system, For

* '7wb. it - ted reeder maL wish to obailap Owe doptoyast ch'die sbows to
Ig. &-S. As noted In Aemdz B and elhwbtw, so sugpm, stJ Is m#A is this report

*at apamum arvise Pabsdelg bas been &Athwmed Baswom Appendx 9 shows dW
oe=d ordie sobeoddag treisgime mae prefmwd oer ethers mW tdes pulalmee
hav bern t wA throem a am u .
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No.e a: 1. Time to Plint = 24 hr
2. Base cost/aeaday - $5000

3. Safety Factor = I. u

4. Port D sve/cruise 1 I0

4tl20 Ship Buoy-Carrying Capacity

Distance CNA

Traveled 100To Plant 0

CNA Buove 12.

(thousands 0 5 A 2 1 A 0

of n 15 250 50% 125 25% 60
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To Pla 00

DO uoya 12
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Notes: 1. Time-to-Plant 24 hr

2. Base Cost/SeaDay $5000
3. Safety Factor :-1. 0

4. Port Days/Cruise 10

800 -Ship Buoy-Carrying Capacity

"4'. CNA

600 -

400

200 12 1 I I

500 375 250 50% 125 259 60

Ship Buoy-Carrying Capacity
AverageD
Distance 1500 DO

Traveled
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per 1000BuoyI00-
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(n mi) 500 -I . _
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4--' TOTA L
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400-
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0 1 I I ! I
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Buoy SypLtar

Fig. 5-4. Average dletanoe traveled per buoy plantd.

61

*1



example, for the 12-buoy ship, it is clear that for all CNA MD& (and two deployment

prcs) the average di2tance traveled per buoy pianted is approximately 275 n mi. In

the Deep Ocean (again, for two Deep Ocoan deployment ports) the average distance

traveled per buoy planted using the 12-buoy ship is about 750 n mi. Averaged over the

entire northern hemisphere, the 12-buoy ohip can carry cut deployments at a rate of

approximately 400 n ml traveled pc. buoy planted.

In each MDZ, there is always one cruie greater in distance traveled than any of

the others. In general, this cruise depends more on the buoy that is at the farthest

distance from the deployment port than it does on ship buoy-carrying capacity. This

point is clearly illustrated in F!g. 5-7, which shows for the 500-buoy baseline system,

maximum cruise distance in each of the nine 1UMf, and indicates that ship buoy-

carrying capacity has little effect on this factor. (As would be expected, increasing

ship buoy-carrying capacity does increase maximumn cruise distance somewhat.)

5.3 Average Ship Ope!ratig Cost per Buoy Planted

Section 5.1 has given a general explanation of hew average ship operating cost

per buoy planted is obtained and what the nature of the curves as functions of ship buoy-

carrying capacity and speed are expected to be. Section 5.2 ha,4 shown the character-

istics of onom oi the uiajor factors determining average ship ope.-.ating cost per buoy

planted, namely, total distance traveled to deploy all buoys 'in an MDZ or in CNA or DO

or' in the northern hemisphere), and average distance traveled per buoy planted in

various MDZa or regions.

Figure 5-8 shows two sets of curves for average ship operating cost per buoy

planted as functions of ship speed and buoy-carrying capacity. The data for Fig. 5-8

is given in Table 5-3. Average ship operating costs for the 500-buoy baseline system

East Coast and North Atlantic MD?. are presented as representative of higher and

lower average costs to be encountered for the conditions stipulated on the figure.

Clearly, the minima >ccur at either 15 or 18 kt for each ship buoy-carrying capacity,

and increasing ship buoy-carrying capacity tnds to make deployment more efficient.*

* There is, of course, an upper bound on how far hLip buoy-carryiag capacity should
be carried. That bound depends prlmartly an the desired maximum cruiso time. The
USCG NDBS DPO provided TRC with the guidance that 22.5 days at a safety factor of
1.0 represents desirable mazimuL cruise time. This 22.5 -•ay fafitor will be discuseed
at a number of points In the remaining porV ms of tfis report.
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Notes: I No. Buoys Deployed = 500

2. Deployment Ports: a. Purtsmouth, Va.
b. San Francisco, Cal.

c. Honolulu, Hwaii
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Notes: 1. Time-to-Plant = 24 hr
2. Base Cost/Sea Day = $5,000
3. Safety Factor = i. 0
4. Port Days/Cruise = 10

5. Ship Speed = 15 or 18 kt

40 East Coast MDZ

4
30

6

20 8
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12\

Average 10 4 .. .. Ship Buoy-Carrying
Ship-Operating 49CBuoys Capacity

Cost 0 1 L
Per 9 191 15 18 21 24 27 30
Buoy
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SNorth Atlantic MDZ

60 - 6
8

40- 10

20 Ship Buoy-Caarying
Capacity

0 I I I I I Ii
9 12 15 18 21 24 27 30

Avemre Ship Speed (kt)

Fig. 5-8. Aver, s@hip-qeratng cost per buoy planted.

64



One aspect of the analysis for this buoy deployment study was determination of

the point (or points) of minimum (or slope reversal) in the curves for average ship

operating costs per buoy planted as defined by Eq. 2. In every case investigated in

this study, the minimum point occurred either at 15 or 18 kt ship speed. Review of

tie cost curves (Fig. 5-1) indicates why this occurs. With n. exception, for all cases

investigated and all variations of parameters, the 12-buoy, 18 kt ship provided the

lowest averag shiP operating cost per buoy planted. It was, therefore, decided to

present most of the comparative data at ship speeds of 15 or 18 kt, commensurate with

minima as a function of ship buoy-carrying capacity. Figure 5-9 is such a grap]. It

shows average ship operating cost per buoy planted at the points of minima on the cost

curves for all nine MDZs in the 500-buoy baseline system. Average costs for ship

TABLE 5-2

500-BUOY BASELINE SYSTEM

Ship huoy- No.buoys

carrying Ship S (k.2 j deployed
capacity 9 2 15 13 in MDZf

East Coast MDZ

4 25.9 24.1 i_ 23.A 24.4 28.5 31.1 33.5 53

6 20.0 18.6 18.0 1 20.2 21,6 23.6 25.5 53

8 17.3 16,2 j 16.2 17.1 18.3 19.9 21.5 49

10 16.2 15.1 14.5 1j, 15.1 16.1 17,5 18,9 49

12 15.2 14.2 13.6 12,4 14.2 15.1 16.5 17.7 49

North Atlantic MDZ

9 15 1S 21 24 2 f 30

4 56.5 47.b I 42.3 45.6 59.5 69.2 78.6 48

6 42.3 35.9 33.0 ZdI 38.7 43.5 150.5 67.3 48

8 36.1 30.7 J 29.5 32.3 36.3 42.1 47.7 48

10 35.2 30.3 27.3 2 28.7 32.2 37.3 42.2 48

12 32.8 S28.1 25.3 jM. 26.7 30.0 34.8 39.4 48
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Notes. I. Time-to-plant = 24 hr
2. Base Cost/Sea Day = $5000
3. Safety Factor = 1.0
4. Port Days/Cruise = 10
5.ME2ed -:15 or 18 kt
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buoy-carrying capacity of 4, 8, and 12 buoys are clearly indicated on the bar graphs.,

Data was produced for 6 buoy, and 10-buoy ships, but has been omitt"Wd in the interest of

simplicity. Figure 5-9 makes clear the advantage of deploying buoys from deployment

ports contiguous with the deployment zone. For example, average costs to deploy each

buoy are lowest in the East Coast and West Coast CNA MD7s and in the North Pacific

East DO MDZ, because average distance traveled to deploy buoys was lowest in these

three MDZs.

Figure 5-10 shows average cost to deploy all CNA buoys for all seven systems,

using ship buoy-carrying capacities of 8 and 12 buoys. The average cost is bounded by

the maximum average cost found in any of the appripriate MDZT and the minimum

average cost per MDZ encountered 'In each of the seven systems. + Also, the 8-buoy

per ship and 12-buoy per ship averages are compared directly at the bottom cf Fig.

The large increase in maximum average cos'. per buoy planted for the 250-buoy

system occurs because the number of buoys in the Mexican Coast MDZ was reduced to

a small number, but of these several were located at large distances from the deploy,-

ment port in San Francisco. Thus, there are no "short" buoys to counterbalance the

"long" buoys. Note that the overall average for the CNA buoys in the 250-buoy system

is less than the CNA buoys in the 50 per cent system. CNA average cost per buoy

plart.zd to of the order of $19,000 for the 8-buoy ship and $16,000 frr the 12-buoy ship.

Clearly, there is a differential of approximately $3000 per buoy planted between the

average cost curies for the 8-buoy and 12-buoy ships. Thus, using an 8-buoy ship,

rather than a 12-,-boy ship, to deploy CNA buoys would increase average ship operating

cost per buoy planted by nearly 19 per cent. For the 350 CNA buoys in the baseline

system, this would amount to an increased deployment cost of$1.05 million. Recurring

"The number of buoys deployed In each UDZ does not exactly apse with the data
In Table 4-2. because sometimes for efficiency of cruise scheduling, buoys from an
adjaoent MDZ wmer deployed under a different MDZ heading.

t In other words, under no conditions tnveestpted was average ship operating cost
per buoy per MDZ more or lees than the -urvms o( maximum and minimum. Th.
curve are, therefore, useful In determining how mtch deviation mifht be expeted
around the average value curve, In a relative sense. Absolute values are. of course,
completely dependent an the safety factor, oosts. ship characterisice, and port-days
per cruise assumptiaa.
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Notes: 1. ) Ttime-to-plant 24 hr

2. ) Base cost/sea day $5000

3.) Safety factor = 1.0

4. ) Port days/cruise = 10

5.) Total CNA Buoys deployed = 350
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maintenance costs of comparable magnitude would also occur at least annually.

Figure 5-11 shows average ship operating ecsts per buosy planted for the Ihrec

Deep Ocean MDZs for all buoy systems, with maximum average cost per MDZ and

minimum average cost per MDZ also indicated. For the buoy systems of lai .e sf

investigated, use of the 12-buoy ship provides an average cost per buoy plh. ed in the

DO of approximately $25,500, while the 8-buoy ship provides an average cost per buoy

planted of approximately $29.500, thus affording a $4000 differential between the two

buoy-carryi,,g capaclties.

Carrying out the averaging processes over all buoys (CNA plus DO) In each of

the seven systems for the 8-buoy and 12-buoy ships gives the average cost curves

shown in Fig. 5-12. In this figure the grand average for all buoys is shown compared

to the average for all Deep Ocean MDZs (which generally is about $7000 per buov morel

and the average for all CNA MDzs (generally more than $4000 per buoy less,. Ise of

the 8-buoy ship produces an average ship operating cost per buoy planted of approxi-

mately $22,000 while tlh 32-buoy ship deploys buoys at an average ship operating cost

per buoy planted of about $19,000.

Figure 5-12 makes evident the contention that average ship operating cost per

buoy planted is essentially independent of number of buoys in the system, It also

clearly indicates the expected resaut that the greater the distance from the deploy-

ment port, the more expensive it Is to cikploy buoys is substantiated. On the basis of

average distance traveled to deploy buoyi, the relationshlp is reversed. For example,

with a 14-buoy ship, It requirei about 750 n mr of travel faverage per buoy) to deploy

DOx buoysatan average ship operating cos.t of $29,500perbuoy, ornearly $40pern ml traveled.

To deploy CNA buoys, the average distance traveled per buoy planted is about 280 n ml,

and the average Lhip operating cost per buoy planted is about $i5,500; this results in a

cost of about $55 per n mi traveled. Pining factors such u these are useful for

first estimAtes in determining deployment cost, given the numbers and locatir~ria of

desirod data bii'y networks and potential ployWment ports. The sensitivity of these

planning factors to vartatimam in bame coot per *"-day and time-to-plant each buoy

are discussed below in this aection. Cost sensitivity to use of additionali deplom~ent

ports Is givan in ectelon 6. Sensitivity to varladton of port-days per cruise is gfve tin

Section 7. Total &,. loym•ýnt cost is disoussed nmet.
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Notes: 1. Time-to-plant 224 hr
2. Base cost sea day $5000
3. Safety factor i.0

4, Port d.vs cruise
5. Total Do Buoys Deployed 50

6l. Ship Speed 15 or lS kt

35Buoys Shit
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Notes 1. Time -to-plint 2 24 h r

2. Bac cost, sea day
3. Safety factor 1. 0
41. Port days, c r~uise
3. Total Buoyn Deployed 5 500 b Buo)y z. p
6 St i p Speed 15 or 1s kt
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5.4 Total Ship Operating Cost for Seven Buoy Systems

Total ship uperating costs to deploy CNA, DO, and combined CNA and DO buoy

syvtems are shown for all seven buoy systems and 4, 8, and 12 ship buoy-carrying

capacities in Fig. 5-13. These total ship operating costs decrease approximately

linearly with total number of buoys, as might be expected. As an overall average, the

50 per rent buoy system costs slightly more than the 250-buoy system; the same com-

men't applies to the 25 per cent versus 125-buoy system. This occurs, of -ourse,

primarily because the 50 and 25 per cent systems have proportionately mo)re buoys in

the N•rth Pacific West and Mexican Coast MDZs than do their 250-buoy arid 125-buoy

counterparts, as noted previously. The 500-buoy system deployed by a ship with a

12-buoy-carrying capacity requires slightly more than $9 million for deployment,

based on a safety factor of 1 .0; a time-to-plant of 24 hours; 10 port-days per cruise;

$5,000 base cost per sea-day; and an 18 kt ship. This is approximately 44 per cent

less Vtan the cquivalent cost of $17.4 million for a 4-buoy ship. Comparable savings

are indicated throughout the 250 and 50 per cent systems with somewhat lower percent-

age. oi saving accrued in going from the 4-buoy to the 12-buoy ship for systems with

less than 250 buoys. The details of ship operating cost to deploy the seven buoy

systems are given in Table 5-3.

TABLE 5-3
SHIP OPERATING COST TO DEPLOY BUOY SYSTEMS ($M)

Ship buoy- Buoy systems
Region carrying 250 5yste-

capacity Soo 375 250 50% 125 25% 60

CNA 4 9.864 7.603 4.456 4.857 2.676 2.515 1.587

8 6.530 5.096 3.069 3.257 1.859 1.717 1.212

12 5.354 4.199 2.578 2.770 1.586 1.46] 0.944

DO 4 6.541 4.210 3.341 3.093 1.029 1.387

8 4.425 2.973 2.366 2.234 0.769 1.07L

12 3,767 2.594 2.077 1.959 0.742 1.005

Combined 4 16.405 11.813 7.797 7.950 3.705 3.902 1.587
CNA 8 10.955 8.069 5.435 5.491 2.628 2.79C 1.212
and
DO 12 9.121 6.793 4.655 4.729 2.328 2.466 0.944

Notes: 1. Time-to-plant - 24 hr 4. Port days/crutle - 10
2. Base cost/sea day = $5900 5. Ship speed - 15 or IS kt
3. Safety factor - 1.0
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Notes: 1. Time-to-plant 24 hr
2. Base cost/sea day $5,000

3. Safety factor 1.0
4 4. Port days/cruise 10

10

SShip Buoy-Carrying Capacity

Ship-Operating 6 12
Cost
To 

NDeploy in 4

CNA

($M) 2

500 375 250 50% 125 25% 6 U

4'o- Shin Buoy-Carrying Capacity

6

Ship-Operating
cost .4DO,
To 1

Deploy in
DO 2

($M)

0

500 375 250 50% 125 25% 60

20
4"- Ship Buoy-Carrying Capacity

15

Grand ToLd
ship-Operating 10 12TOTAL

To
Deploy 5

($M)
0

500 375 F'IO 50% 125 25% 60

Buoy System's

Fg. 5-13. Ship o.erati cost to deploy buoy uyatems.
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5.5 "Total" Average Sh Cot Pr Bu lanted

The aboe analyses have not included pr rated ship ccnstructicr costs. in this

-subsection it will be shown that the inclusion of such prorated cmets has little effect

on the mattrial presented and conclusions drawn 0tI;s tai.

Figure 5-14 shows prorated ship construction cost per day based on a 20-,•ear

lifetime, fcr the ship construction costs previously given in Table 3-2. The data for

these curves !s given in Table 5-4.

Equation 3 aLows the expression used to comoute "total" average h!ip operating

cost per buoy planted.

"Total" Average Ship S

Operating Cost Per aCvg + - x D (Ea.

Buoy Planted 7300

Where

S Total ccst of ship construction ($)
D! :Average Time per Buoy Planted (days)

Figure 5-15 shows "total" average ship operating cost per buoy pianted for 500-buoy

baseline sy stem deploymen'c. In East Coast MDZ and the North Atlantic MDZ. These

are repreaenz..zive of other results obtained throughout the study and clearly indicate

that with rrnor excepti3n;, increased ihip buoy-carrying capacity at speeds oa 15 or

IS kW leads to reduced total avcrage cost per buoy planted.

Because of the consistency of results such as those indicated in Fig. 5-15, pro-

rated ship construction costs have not been used in presenting results and illugtrttions

throughout the remainder of this report, because real costs were considered to be of

more interest than prorated (i.e.. a-nortized) costs.

TABLE 5-4

PRORAT7ED SHaP CONSTRWCTION CO3T PEM, DAY* ($K)

sitp buoy- !ftp #pee.! (kt)carr~qng

apacity 9 12 L1 =j8 21 2 73

4 1.08 1.06 1.06 147 2.01 5.34

6 4' 1.47 471.4 7A 1 ^18!
6 1.59 1.59 1.59 .-

I Vf 2.2.5 2.25 ~2.25
p .252.25 ~2.j25 1

•20-year lifet' -e (7300 days) as6umed.

74



F 6

Pro -rated
Ship

Constivction SM uyCryn
Cost SI uyCryn

Per Day 3 aact

10 121

.=LII

2k

Ij L]0

Fig. 5-14. Pro-rated ship constructio cost per day (20-yr lietime).
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Notes: 1. Tim, 1o-ir'aum. 24 hr
2. Base Cost/Seaday = $5, 000 1
3. Safety Factor -=1. 0

S4. P~ort Days/Cruise 1

80,

East Coast MDZ

60
"'4

40

10
20 12 "u,,..

'SUp Buoy-
49 Buoys DeployedCarryig

0 tl.. - - Capac!rryTotal

Average 9 12 15 18 21 24 27 30
Ship-Operating Ship Speed (kt)

Cost
Per

120
Planted No4tani D

($K) 100

80 8-

8
60 10

40 12
40 ,

Ship Buoy-

20 Carrying
48 Buoys Deployed Capacity

0 -
9 12 15 18 21 24 27 30

Ship Speed (kt)

Fig. 5-15. Ship speed and buoy-carrying capacity trade-off.
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5.8 SenuLt 2t( of A vera Pat Per fto Planted to Variations in Cost Factors

5,411 OWN=tilt to Variaion 1A RMg 29t Per h-Day

Average ship operating cost per buoy planted depends primarily on base cost

per sea-day. The rationale for various choices of bas, cost per sea-day has been

given in Section 3, whre it was noted tha In essemne base cost per sea-dav reflects

crew east, which in turn is a function of the level of automation In ship operation and

the amount olplanned, os-board refurbishment of buoys.

The TRC buoy deploymeet/ialnte, ace model provides the opportunity to vary

base cost per soa-day. Three values were used In this study: $2000, $5000, and $8000

per day. The seasittvity of average cost per buoy planted to variatiops in base uodý per

sea-day Is sabws ti Fig. 5-16a. Base cost per sea-day applies to all days at sea and

in port*; thsreOro, average cost per buoy planted varies as a 110ar function of base

cost per sea-day. Am the number of sea-days per buoy planted dscreases (as Is the

mase in going from the 4-buoy to the 12-buoy shl" sensitivity of avergep ship operating

oost per buoy plnted also & -reases.

The rate of change of average ship operating cost per buoy-planted is Indicative

of the sensitivity of this factor to chanpo in bace cost per sea-day. The rate at ohange

(slope. of the curves In fi. 5-10a) Io showm in Fig. 5-16b. This figure inidcates that

the senitivity has dorea*sd to the pWint where a vartation o-f ondollar in boas -ant

per sea-day for te 12-bmoy ship • as the net effect of mreting about a $2.40 ehan

(in the same Oroeoo) in average ship operating cost per buoy planted, Of 0ourvse,

curve such as Sout In ig. S-1ib di&Heting Coot siStivty differ from Mz to UM

The tature of this dfferewe Is shown tI S-i17, which illuatrate, the point that the

averagP Daot v, ariation Ln CNA MM for the 10 and 124upy shipt Is relatively minor,

and tens to a approxftumely $2.50 dhoge in verap c•st per planted per

d1lar eharW in base cast per sa-d4ay. In tbe DOI tD * Utor s .approXIMaly

$3.50 per dollar chbap Ib bae coot. Thus, it Io xpparmt that what n1It appear to be

rathr M• l improvement reu g bae cost Wsr.•-dy nat be incread by a

fsate, of about 3 tn the eed••tD of averap owt p•r bvý plt4.

*Cost"par port dkv was sweclfted by the NDBS DPO to be 94% bai cost per
sea-day.
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Notes: 1. MDZ = Gu;f of Mexico
2. Time-to-plant - 24 hr
3. Safety Factor 1, 0
4. Port Days/Cruise = 10
5. Buoys Deployed = 60

a. Average CG3t Per Buoy Planted
50 4

40
Average

%'es 308

Buoy 12l
Planted 2o($K)

Ship Buoy C&irying
10

0Capacity

1 2 3 4 5 6 7 8

Base Cost Per Sea-Day ($K)

b. Incresse In Average Cost

Incrame
In Avg. Cost

Per Buoy 4
Planted

Per
Dollar Increase

In Base Cost
- * Se Day 2

4 6 8 10 12

Ship Buoy-Carrying Capacity

Fig. 5-16. 8emaltivit, of average cost per buoy planted to varlation In base

cost per soa day. (Gulf of Mexico MDZ.ý
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Notes: 1. Time-to-plant - 24 hr
2. Safety Factor 1.0

3. Port Days/Cruise - 10
4. Data Average Across Ship Speeds of ]iS,18 kt
5. No. Buoys Planted 500

10

I9
8

Ship Buoy--Carrying
Dollar 7 _Capacity
Increase

In Avg. Cost
Per Buoy Planted 6

Per 4
Dollar

Increase

In Base Cost
Per Sea Day 4 6

3 10
12

2

I

0 -

GB FC GM MC WC GA NPE NPW NA

Coastal North America Deep Ocean

Fig. 5-17. Sensitivity of average cost per buoy deployed to variation in base

cost per sea day.



5.6.2 Sensitivity to Variations In Time-to-Plant

Throughout this report a time-to-plant each buoy of 24 hours has been used.

The buoy deployment/maintenance model has provision for variation in time -to-plant

and 12, 24, 30, and 36 hours have been used. The sensitivity of average ship

operating cost per buoy planted to variations in time-to-plant each buoy is given in

this subsection.

Time spent on station deploying buoys results in ship operating costs comprised

of the base cost per .,%a-day and the ship maintenance cost per day. Ship maintenance

cost per day is a function of ship speed and ship buoy-carrying capacity as shown in

Fig. 5-1. Once ship speed and ship buoy-carrying capacity have been fixed, the

sensitivity of average al 'p operating cost per buoy planted becomes a linear function

of time-to-plant each buoy. For example, for a 4-buoy ship operating at 18 kt and a

base cost per sea-day of $5MOf, the ship maintenance cost per day is $306, resulting in

a linear factor of $5,306 per 24 hours time-to-plant relating average ship operating

cost per buoy planted to time-to-plant each buoy. (That is, the change in average cost

per buoy planted is $221 per hour variation in time-to-plant.) In the case of a 12-

buoy, 18 kt ship, the sum of base cost per sea-day and ship maintenance eost per sea-

day !s $5,600 per day resulting in a sensitivity of average ship operating coet per

buoy planted of $233 per hour time-to-plant. These statements are illustrated in

Fig. 5-18 which shows sensitivity of average ship operatirg cost per buoy planted to

variation of time-to-plant in the baseline East Coast MDZ and North Atlantic MDZ.

The slopes of curves for comparable ship buoy-carrying capacity are the same in all

MD7z. For the 500-buoy baseline system a reduction of one hour time-to-plant would

result in a net saving of $117,000 over the entire system, given all the conditions noted

in Fig. 5-18.

5,7 Buoy System Deployment Time

A factor of considerable interest in NDB8 development planning is the total

deployment time (in ship-days) required to Implant buoys in MDZa or in the CNA or DO

region, or for the combination of both CNA and PC regions. These factors are discussed

In this subsection.
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Notes: 1. Buoy System = 500
2. Base Cost/Sea Day : $5,000
3. Safety Factor z 1.0

4. Porft Days/Cruise 10
5. Ship Seed 18 kts

30 ,t C ost...Z

20 8- 8

12

10

Average 0

Ship-Operating 6 12 24 30 36

Cost
Per
Buoy

Planted

($K) [,.r.. Atlarnic

Ci 0 4

40 -- 9.- ---- •-"

20 1

20 .*. lip Buoy-Carrvingi

CTapac. ty

10

0 L

6 12 24 30 36

Average Time-To-Plant One Buoy (rr)

Fig. 5-18. Sensitivity to u.-iae-tu-plawt.
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Figure 5-19 shows total minimum deployment ship-days* for each of the nine

Modular Deployment Zones for the 500-buoy baseline system. The reduction in

deployment ship-days achieved by using ships of bigh buoy-carrying capacity Is made

evident by Fig. 5-19. On a normalized basis, minimum average deployment time irn

ship-days per buoy planted is given in Fig. 5-20a. It is evident that for the 12-buoy

shiprminimum average deployment time is approximately 2.25 ship-days per buoy

planted in the CNA MD7A and about 3.2 ship-days per buoy planted b) the DO MDZe.

One day of each of these values is assumed to be spent on-station deploying the buoy.

A second day (approx4inately) is spent in port. Thus, the average time traveling pe-- buoy

deployed for the 12-buoy 18 kt chip is about 0.25 days for CNA buoys and 1.4 days for

DO buoys.

Using the minimum average deployment time for each MDZ ann• a ship operating

year of 335 days (allows 60 days dry-dock time every two years), it is possible to

determine the maximum number of buoys one ship would be capable 4f deploying in

one year. This information is given in Fig. 5-20b. Note for this figure that the 12-buoy.

18 kt ship provides the greatest deployment capability, numbering betwoen approxi-

mately 120 and 140 buoys per year (maximum) in the CN, MDZs and about 90 buoys per

year in the Deep Ocean MDZ9. These figures are, of course, for a safete factor of

1.0. A more conservative planning factor might be about 90 buoys per ship year for

CNA MDTs and about 70 buoys per ship year for Deep Ocean MDZ7.

As has been noted elsewhere, a potential bound on the number of buoys deployed

per cruise (or per ship year) depends In part on the maximum cruisc time allowed.

Figure 5-21 shows that the maximum cruise time in CNA MDZs is within the 22.5 day

desired maximum cruise time (as specified by the NDBS DPO) with Cie exception of

the Gulf of Alaska MDZ where the 12-buoy ship would require a maximum cruise tire

ol about 24 days, under iderl conditions. t In all Deep Ocean MDZs tVe problem is n.ore

• Total minimum deployment time is the time required to deploy a given number
of buoys in a given region, for given ship characteristics and port-days per cruise,
without regard to bad weather or other adversities (i.e,, safety factor of 1.0). In acf.1al
practice, total deployment time might be 10 to 30 per cent greater than the (ideal) tctal
minimum deployment time.

t Actual cruises can be longer than 22.5 days. ApplyIng a safety actor of 4/3 to an
actual allowed cruise time of 30 days results in desired cruises of 2L. 5 days duratiorii.
under ideal conditions (safety factor of 1.0).
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Notes: I No. Buoys Depioyed - 500

2. Ttii.e-to-piant 24 hr

3. Safety Factor 1, 0
Port DaysiCruise 10

5 . .ip Speed 18 kt

500

400 ,Ip Ruoy-Carrying

Total Capacity

Minimum
Dle p lo ,,, , e n t

[,.)ii v-s
" - Buoys

30-0 In MW,4

/ I

1414

100 ..

E- C -;N M"C A( uA N VE N PW NA

v . . . .. _ .. tk., . :-rH rc / - :•.j
De~ep 1).oan

,M,.dular Depl(-.ment l.fe- V.

Fig. 5-19. Toftl mtinimum d wIrpwrnt dhys uer modular deployment zore
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Notep: 1. No. Buoys Depioýed 500

2. No. Days/Ship-Year 335
3, De.iloyment Ports: a. 0 ortanioth, Va,

b. San Francisco, Cal.

c. Honolulu, Hawaii
4. Time-to-plant -- 24 hr
S Ship Speed ý 15 or 18 kt

8 a. Minirrmm A% ra~gi Deployiment Time

Minimum 6
Average -

Deployment
Time 48

(Days/Buoy) 12

0 --. - -2 _ - J
GB FC GM I MC 'Y GA NPE N ,-" NA

b, Maximurn Number of 1u vys Dploye.d Per Ship-. Year

! 40 Ship

12 "4oy-( •rrying

120 -7

Maximum K
Number
Buoys 10O0 _

Per j40 ,i
Ysh ip- Year ---.

40

4 ,0 1. iL I

GB EC GM MC 'AC (,A NifE NPW NA

Coastal North Anmrica Decp Orean

Modular Deployment Zones

Fig, 5-20. Maximum number buoys deploy-d per ship-year and minimum

average deployment time
8.4
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S'Notes: 1. No. Buoys Deployed 500
2. Time-to-plant 24 hr
3. Safety Factor 1.0
4. Ship Speed 18 kt
5. Port Days/Cruise 10

50

Maximum 40 Ship Buoy-Carrying
C u s C ipacityCruise Cpct

Time
(Ship-
days) Buoys

30 in MDZ 22.5 Days
desired maximum
Cruise Time -.

12

20 564 8 64 48

648

"49 4

10-

0OR - --A---

GB EC GM MC WC GA NPE NPW NA

Coastal North America Deep Ocean

Modular Deployment Zones

Fig. 5-21. Longest cruise time per modular deployment zone.
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crucial. If maxiinum cruise time for ideal cnmdidons Is increased to 30 ,iays, then

number of buoys carried by the 18 kt ship on long cruises probably should not Zxceed

eight. Of course, this comment is dependent upon the assumption of 24 hours time-to-

plant each buoy and 10 port days per cruise.

Since maximum deployment time in CNA MDZs does not appear tu be a problem,

concentration of interest is placed on DO MDZs. In particular, Fig. 5-22 shows maxi-

mum cruise time for the 18 kt ship carrying 4, 8, and 12 buoys in the North Atlantic

MDZ, which is considered to be a typical DO MDZ. Figure 5-22 makes evident the

fact that maximum cruise time will be of the order of at least 35 days (minimum) for

efforts to implant 24 or more buoys throughout the North Atlantic MDZ. Even when the

number of buoys 'n the North Atlantic MDZ is only 12 and they are confined primarily

to the major shipping lane between the U.S. and Europe, minimum cruise time will be

of the order of 29 days. (Of course, under such conditions only one cruise would be

required by the 12-buoy ship to deploy all 12 North Atlantic MDZ buoys).

It is not the purpose of this report to attempt to establish policy regarding

maximum tolerable cruise time. That is a function o! une nperatlng agency deploying

(and/or maintainil4ý buoys in a future NDBS. 1lhe TRC buoy ieployment/maintenance

modt-1 does, however, provide insight as to the potbntal capabi!:ies of ship speed and

buoy-carrying capacity combinatio•o ipplied to the anticipated deployment/maintenance

tasks of the future NDBS. In this context, then, it is evident that cruises of long dura-

tion will likely be encountered in deploying nd/or maintaining data buoys in DO MDZs,

or It will require many cruises involving sa iil .aumbers of tmoys each cruise.

As a final point to be made in this section, FV. 5-23 shows toWa1 minimum

deployment time required to deploy all CNA buoys, all DO buoys and combinations of

all DO and CNA buoys for all seven buoy systems. The figure Indicates that approxi-

mately 1400 suip-days would be required (as a minimum) to deploy the 500-buoy base-

line system, while 1045 ship-days (minimum) would be required to deploy the 375-buoy

system. Other times are commensurate with the number of buoys deployed. All these

d&ta are presented in Table 5-5, which shows not only total minimum deployment time

by buoy systems, but also minimum average deployment time per buoy and the maxi-

mum number of buoys deployed per ship-year for each of the seven buoy systems. The

last column of 1i lle 5-5 shows the minimum number of ships required to deploy each
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Notes: I. Time-to-plant - 24 hr

2. Base cost/sea day = $5,000
3. Saety fac'or = 1.0
4. Port days/cr-se = 10

5. ShipSpeed =1kts

40
Ship Buoy-Carrying Capawity

Maximum
dlse

Time.
(Days) 20

m4

10 North Atla.1t 1

0 i I 1 A I

500 375 250 50% 1Z5 25%

Buoy Systems

Fij. 5-22. Maximum cruise time for all buoy systems.
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Notes: 1. Time-to-.plant 24 hr2. Base cost/sea day ,,002 Babe 000

3. Safety Factor 1.0
4, Port days/cruise 10[R: Ship Speed 18 KMs

2.0 o .Ship Buoy-C~xryrng Capacity

Total1. I
Mt inimum n

Depicyment CNA

Time 12
In CNA

t!h ous avs of
Ship-Days 0.5

500 375 250 50% 125 25% 60

Total 1,5
Minimum [Ship Buoy-Carrying Capacity

Deployment ,01.0.
Time

In DO L 8 DO
(thous-nds of 0.5 12
Ship-Days)

0

500 375 250 50% 125 25% 60

3hip Buoy-Carrying Capacity

3.0
Grand Total

Minimum
Deployment 2,0 8 Total

Time 12
(thousands of 1.0
•h~p-Days)

500 375 250 50% 125 25% 60

Buoy Systems

Fig. 5-23. Total minimum deployment time for all systems.
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of the seven buoy sYstems in one year. It must he held in mind that all these figures

are for a s-fetv factor of 1.0, 24 hours time-to-plant, an, 10 port days per Cruise.

Variation in any of these influential factors will change the data presented in Table 5-5.

5.8 Buoy Hardware Cost

Buoy hardware costs for a!! seven buoy systems are presented in this subsection,

primarily as an illustration of the capabilities of the TRC buoy deployment/maintenance

computer irnuiation and cost model. The cost figures used here are based on con-

servatively high cost estimates proided uy the _S)CG NDBS DPO and are not intended

forfinancial Planningpurposes of _long-range_signlficance.

I Depth of Mooring

Total buoy cost is determined in part by the cost of the mooring lne, which for a

buoy with a one-point mooring at a scope of 1.0 is equivalent to the dqpth of water in

which the buoy is moored.* Average mooring depth by MDZ for the 500-buoy baseline

system is shown In Fig. 5-24a. In the Gulf of Mexico and Grand Banks MDZs, average

mooring depth is between 5200 and 6000 feet. In the other fb ,r CNA MDTs, average

mooring depth is between 9400 and 11,600 ft Average mooring depth in the three OX)

MDAs varies from 11,300 to 13,200 ft.

One of the output features of the TRC buoy deployment/maintenance simulation

and cost model Is the total length of mooring required for all buoys deployed in a given

computer run. (A computer run was made for all buoys in each MDZ. See Appendix A

for an example.) Figure '-24b shows total length of mooring required in each of the

nine MDZ8. •he sum of mooring cable required for all MDZs is 4,982,L )0 ft. At a coot

of $1.75 per ft (dacron cable with central conductors), the investment in mooring cable

for the 500-buoy system would be $8,730,000.

The average mooring depth per buoy, considering all buoys in each of the seven

systems, is shown in Fig. 5-25; it is seen to be of the order of 10,000 ft. Based on

this average mooring depth per buoy, it is clear that the total length of mooring

*It is recognized that a taut-line moor usually involves a scope of lesc than 1.0,

due to the elasticity of the mooring line. This fact has not been considered here
because of the desire to maintain a one-to-one equivalence between ocean depth and
total length of mooring line required. Appropriate conversion factors can be easily
applied for scopes other than 1.0. Mooring scope is an input to the buoy deployment/main-
tenance model and any non-negative value of scope is acceptable.
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Notes: 1. No. Buowm Deployed - 500

2. Mooring Grand Totaý = 4, 5,2, 000 ft

a. Average Mooring Depth

14

12

Average

Mooring 1
Depth 10 -

(thousandsOf ft) 8

C

4 -
GB EC GM MC WC GA NPE NPW NA

b. Total Length of Mooring

800

700 -- "

Total 7Buoys

Length 600 in MDZ

of
Mooring

(thousands 500
of ft)

400

300 f
20049 

64 1 6 1 56 38 64 48200 , , -_
GB EC GM MC WC GA NPE NPW NA

•"-" - - ' -

Coastal North America Deep Ocean

Modular Deployment Zone

Fig. 5-24. Average nooring depth and total lerhgth of mooring.

90



Notes- 1. Time-to-Plant 24 hr
2. Basef Cost/Sea Dayv .- 000
":1 Safc,,' Factor 1.
4. Port Lavý,/Cruie 10

12

Average

Mooring 10
Depth
Per
Buoy

'thousands
of ft)

500 375 250 50q 125 25T 60

rotal
Length

of Mooring 3

(millions
of ft)

1

0 .

500 375 250 50r.% 125 25% 6 0

Buoy Systems

iig. 5-25. Length of nooring for seven data buoy systems.
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TABLE 5-5

BUY() SYSTEM DEPiL()YMEN1 CHARACTERISTICS

Minimum time Averagi time Max. No. of M No. of

Buoy to deploy to deploy per buoys planted ships to

(ship days) buoy (days) per ship-year deploa rkstem
_ _L__ Iin 1 year

500 1400 2.8 120 4.16
(baseline)

37a5 1045 2.8 120 3.13

25i 716 2.88 116.6 2.14

50"_ 720 2.8H 116.0 2.15

125 363 2.9 1 15.5 1.08

25'T 374 2.98 112.2 1.11

60 150 3.5 96 0.623

required for each of the seven data buoy systems is essentially a linear function of the

number of buoys in the system, This feature is also illustrated in Fig. 5-25.

5.8.2 Moorin-mounted Oceanographic Sensor Packages

Based on the assumption that 20 IAPSO levels (see Table 5-6) would be instru-

mented from the surface through 5000 meters depth, the average number of oceano-

graphic sensor packages per buoy can be determined.* This :Information is another

output feature of the TRC buoy deplovrnenti/maintenance model. Figure 5-26a presents

the average number of oceanographic sensor packages per buoy in the nine MD7s for

the 500--buoy system. Table 5-6 lists the tAPSO levels and their equivalent depths.

Figure 5-26b shows the total number of oceanographic sensor packages deployed in

each MDZ for the 500-buoy system. It has been arbitrarily chosen to deploy a sensor

package rear the bottom of the mooring cable, If the distance between the bottom and

the first IAPS) level above is 0.7 or more of the IAPSO depth increment. In no case

*The selection of the actual number and location of mooring-mo;nted oceanographic

sensor packages has vet to uw determined. In fact, it is not clear at this time that
discretely tnstrurmentad points are necessarily the most reliable and cost effective
method of ocean data collection. Other forms of sib-surface data ccllection may be
worth developing.
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TABLE 5 -6
INTERNATIONA1. ASS(O.IATJ()N OF PIYSICA!. AND

SCIENTI ,IC (OX2EANOG(lAPHERS STANDARD (XTEAN DEPTIHS

De pth
Number

(Meters) ( Feet)

10

:2 1 3 32.8 2

3 20 65.64

4 30 98.46

5 50 164 1

6 75 246

7 100 328.2

HI150 493

200 656.4

300 j84.6

11 400 1,312

12 500 1,641

13 600 1,970

14 800 2,624

15 1,000 3,282

16 1,200 3,940*

17 1,500 4,930

is2,000 6,564

19 2,500 8,210*

20 3,000 9,846

21 4,000 13,120

22 5,000 l1.410

*These levels have been omitted in this ,tudy.
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Notes: 1. No. Buoys Deployed = 500
2. Sensor Package Grand Total = 8, 38"

a. Average Number of Oceanographic Sensor Packages
20 --

Assumed /
"Aerg Maximum No. .

Numerage 18 Sens~or Packages "

- Per Buoy--
Oceanographic No.

Sensor 16 ..- '

Per 14ac

Buoy

12

10[
GB EC GM MC WC GA NPE NPWV NA

b. Total Number of Oeanographic Sensor Packages
12010 ,

Total 
u100yOoeanographic inoy MI

Sensor 1000 in MDZ
"Packa ges F

90-0 /

800 .

7H 5 64 64 61 56 I4A 4

6 00 4 . . . .... _ • •J .

GB EC GM MC WC GA NPE NPW NA

Coastal North America Deep Ocean

Fig. 5-26. Ocel.ographlc sensor packages.

94



have more than 20 instrument packages been deployed with one buoy. Fig-tLre 5-26

indicates that the total number of sensor packages required for the 500-bur'y system

is 8.38C. At a cost of $7000 each. this represents an investment of $58,702,000.

Figure 5-27 shows the average number of oceanographic sensor packages per

bi•v required in each of the. seven buoy systems. With the exception of tht 60-buoy

system, the required :.verage number of oceanographic sensor packages per buoy lies

between 16 and 17. Figure 5-27 also indicates the total number of sensor packages

required by each of the seven data buoy systems. Since the average number of

oceanographic sensor packages per buoy is essentially constant at about 16.5 sensor

packages per buoy, it is apparent that the total number of oceanographic sensor

packages is linearly dependent on the number of buoys in the system, when considering

both CNA and DO deployments of more than 100 data buoys.

Based on the buoy component data given in Table 3-4, buoy hardware costs have

been computed for all buoys, all MDZs, and each of the seven buoy systems, primarily

to provide some insight Into the usefulness of the model, once cost figures become

firm. Figure 5-28 gives buoy hardware costs in each of the nine MD~e for the 500-

buoy system. Baseline system buoy hardware costs per MDZ range from approxi-

mately $12 million to $19 million, Total buoy hardware cost for all 500 buoys is

$146.4 million. Average buoy hardware costs per Modular Deployment Zone are shown

in Fig. 5-29. MDZa having large continental shelf regions are evident (Grand Banks

and Gulf of Mexico). The average buoy hardware cost for all buoys in the baseline

system is approximately $292,000.

Average buoy hardware cost for all buoys in each of the seven data buoy systems

is shown in Fig. 5-30. It is essentially constant at a value of approximately $292,000,

regardless of number of buoys in the system. Thus, total hardware cost is a linear

function of the number of buoys In the system; this is also shown in Fig. 5-30.
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Notes: 1. Time-to-Plant = 24 :ir
2. Base Cost/Sea Day = $5,000
3. Safety Factor = 1.

4. Port Days/Cruise = 10

20

Average "

Number of

Oc.-anographic
Sensor 1Ackages 5

500 3' ,j ,, 0% 125 25% ;0

10

Total
Number 8

of

Oceanographic 6
Sensor 6

Packages

(thousands of 4
Packages)

2

0
500 375 250 50% 125 25% b0

Buoy Systems

Fig. 5-27. oceanographic sensor packages for seven data buoy systel.-s.
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Notes: 1. No. Buoys Deployed = 500

2. Data for 8 Buoy per Ship Capacity

3. Total Hardware Cost $146.4 M

24

Buoy 22

HIardware
Costs 20
1$M)

18 -Buoys in

MDZ

16

14

12

56 49 64 64 61 56 38 64 48

10 -

GB EC GM MC WC GA NPE NPW NA

Coastal North America Deep Ocean

Modular Deployment Zone

Fig. 5-28. Buoy hardware cost per modular deployment zone - baseline

system.
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Notes: No. Buoys Deployed =500

2. Data for 8 Buoy per Ship Capacity
3. Total Hardware Cost =-$146.4 M

325

Average
Buoy

Hardware
Cost -

($K)
300

275

250
GB EC GM MC WC GA NPE NPW NA

Coastal North America Deep OX in

Modular Deployment Zone

Fig. 5-29. Average buoy hardware cost per modular 4eployment zone.
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N otes: 1. Time-to-plar' = 24 hr
2.Bs ostisea day - $5,000

3, Saiety factor = LO

4. Port days/cruise - 10

30-

Hardware

Cost
($K)

250

500 375 2•0 50% 125 25%O 60

150

Total
Buoy 10

Hardware

- ~~($ ,x

50 -

500 375 250 50% 125 25% 60

Buoy Systems

Fig. 5-30. Buoy hardware cost for seven data buoy systems.
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6.0 ANALYSIS OF PORT LOC'ATION ALTERNATIVES

6.1 Introduction

Costs of bhtoy deploymrents, time to deploy buoys, and cruise distances presented

in the previii s section are all dependent in part on the location c! the port from which

buoys are deployed. AL results in Section 5 are based or. deployments from three

p(,rts: Portsmouth, Virginia; San Francisco, Cahfornia; and Honolulu. Hawaii. An

obvious question immediately arises "How much could be saved in deployment cost,

what reduction could be achieved in cruise distance, and how much time could be saved

per cruise if deployment ýn all Modular Deployment Zones took place from a port

contiguous to the Modular Deployment Zone?" To a limited degree, a partial answer

to this question has been indicated by Fig. 5-9, which shows lower average ship operating

costs per buoy planted for East Coast and West Coast MDZs,. in comparison to the other

4 CNA MDZs. Also, it was made abundantly clear in Section 5 that deployment of

buoys in the North Pacific West MDZ from the port. of Honolulu represented highest

average costs, greatest cruise distances, and longest cruise time at sea of any of the

MDI. deployments considered.

To develop more explicit answers to the question above, an analysis has been

undertaken comparing the results of deployments from the above three ports with a

group of eight ports. The ports and the MDZs they serve are shtwn in Table 6-1. The

relative location of these ports is shown on global maps in Fig. 6-1.

TABLE 6- 1
COMPARISON OF DEPLOYMENT PORT CONFIGURATIONS

Region Modular deployment zone Deployment port
I 8-Port config. I 3-Port config.

Grand Bankv (GB) Boston, Mass. Portsmouth, Va.

East Coast (EC) Portsmouth, Va Portsmouth, Va.
Coastal Gulf of Mexico (GM) Galveston, Texas Portsmouth, Va.

North Mexican Coast (MC) San Diego, Cal. San Francisco, Cal

America West coast (WC) San Francisco, San Francisco, Cal.
Cal.

Gulf of Alaska (GA) Ketchikan, Alaska San Francisco. Cal.

Northern North Pacific East (NPE) Honolulu, Hawaii Honolulu, Hawaii

Hemi- North Pacific West (NPW) Guam Honolulu, Kawali
sphere
Deep North Atlantic (NA) Portsmouth, Va. Portsmouth, Vs.

Oceans
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6.2 Graphical Comparison of Alternative Port Location Results

To develop a comparison of potentiai savings in distance and time, the 375-b.1oy

system (75% baseline) has been used. As demonstrated in Section 5, average values

are essentially independent of system size for the buoy deployment configurations

considered in this study. The 375-buoy system was chosen for this study because of

its close similarity to the buoy-spacing requirements TRC obtained from U.S. Govern-

ment agencies during 1968 [31. Figure 6-2 shows total distance traveled to deploy the

375-bujoy system. The graphical presentation is in three parts, delineating CNA

deployment, Deep Ocean deployment, and total deployment. The figure makes evident

that the use of eight ports provides a reduction in total distance traveled to deploy all

375 buoys ranging from 83,OOC n mi for a 4-buoy ship to about 27,000 n mi for a

12-buoy ship. Figure 6-3 shows average distances traveled per buoy deployed in the

CNA, DO, and combined regions. The figure indicates for the 12-buoy ship an average

reduction of 63 n mi per buoy for all CNA MDZs and an average reduction of 95 n mi

per buoy for the three DO MDZs, when the number of deployment ports is raised from

three to eight. Greater reductions of average distance traveled are achieved for the

8-buoy and 4-buoy ships, but the average distances themselves are greater than for

the 12-buoy ship. For deployment of all 375 buoys, the average reduction in distance

traveled per buoy planted ranges from 220 n mi per buoy for the 4-buoy ship to 72

n mi per buoy for the 12-buoy ship.

Figure 6-4 shows total deployment time (i.e., port-time plus sea-time) to deploy

275 CNA buoys, 100 DO buoys, and the total 375 buoys. Savings of total deployment

time in all CNA regions combined range from 127 days for the 4-buoy ship to 19 days

for the 12-buoy ship. For all DO MDZs, combined savings in time range from 183 days

for the 4-buoy ship to 41 days for the 12-buoy ship. Figure 6-5 shows average deploy-

ment time per buoy planted for all CNA MDZs, all DO MDZs, and for all 375 buoys.

Savings in average deployment time per buoy planted for the 12-ouoy ship are of the

order &f 0.07 days per buoy for CNA buoys and 0.22 days per buoy for DO buoys with

a resclting average for all buoys of 0.11 days saved per buoy planted. For the 12-buoy

ship. this represents a savings of approximately 4% in total time to deploy all 375
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Notes: 1. Time-to-plant = 24 hr

2w Base cost/sea day = $5000
3. Safety factor =1. 0

4. Port days/cruise 10 j

3-0 Ports

1 L
CNA: 275 Buoys

100

30
4 8 12

Total 150 3  .Ports

Distance DO: 100 Buoys

Trave led
(thousands 100

of n ni)
50 _ _ _ _.. .. _

4 8 12

Ports

300 3 Total: 375 Buoys

250

200 j

150

100
4 8 12

Ship Buoy-Carrying Capacity

Fig. 6-2. Total distance traveled.
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Notes: 1 Time-to-plaat 24 br

2. Base cost/sea day = $5000
3. Safety factor = 1. 0

4. Port days/cruise = 10

. F 3--Ports 
CNA: 275 Buoys0.4 8 •'

0.2

4 8 12

Ave rage
Disrmice 1. 5 3

Traveled-U T): 100 Buoys
per Buoy 8 6-,
Planted 1 0

(thousands .5 1
of n nri) 4 8 12

1. 
Ports

0.8 3 Total: 375 Buoys

0. 6 8

o.4

0.2 2 I I
4 8 12

IThip Buý, -Carrying Capacity

Fig. 6-3. Average distanoe traveled per buoy planted.
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Notes: 1. Time-to-Plant = 24 hr
2. Base Cost/Sea Day = $5, 000
3. Safety Factor - 1. 0

4. Port Days/Cruise = 10

5. Ship Speed 18 kt

Ports CNA: 275 Buoys
1.5 -- 3

1.0 -

0.5 .
4 8 12

1.0 Ports DO: 100 Buoys
Total 3

Deployment 0.5 8

Time
, ~(thousa•nds

i 4 812

Ports TOTAL: 375 Buoys

2.0 3

1.5

1.0 t
4 8 12

Ship Buoy-Carrying Capacity

Fig. 6-4. Total deployment time.
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Notes: 1. Time-to-Plant = 24 hr
2. Base Cost/Sea Day = ýý, 000
3. Safety Factor = 1.0

4. Port Days/Cruise = 1C
5. Ship Speed 18 ft

T Ports CNA: 275 Buovs

3

P P
4 8 12

f Ports 
DO: 100 Buoys

Deployment 8

Per Buoy 5 -

Pl1an ted
(ship-dayvs) 3

4 8 12

SuPoCrts TOTAL: 375 Buoys

3)

3 8k

4

3

4 8 12

ý,hitp Buoy-Carrying Capacity

Fig, 6-5. Average dopl(N ment time.
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buoys. (For the 4-buoy ship, the total saving of 0.49 days per buoy pklirted represents

'i savings of approximately 10%.)*

Ship operating deployment cost is in part a function of distance traveled to

deploy buoys and zilso in part a function of time required to deploy buoy - Ship operat-

ing deploymenit cost for deploying 275 CNA buoys, 100 DO buoys and 37F; total buoys

from three or eight ports is shown in Fig. 6-6 as n• function of ship buo'. -carrying

capacity. Savings in cost due to use of the 8-port configuration for deployment of CNA

buoys range from $914,000 for the 4-buoy ship to $234,000 for the 12-buoy ship. For

the combined DO MDZs, comparable savings range from $430,000 for the 4-buoy ship

to $190,000 for the 12-buoy ship. For all MDZs, combired savings :fronw using. the 8-port

conliguration range from $1.344,000 to $422,000 in going from a 4-buoy to a 12-buoy

ship.

Average ship operating cost per buoy planted is shown for CNA, DO) and total

northern hemisphere regions in Fig. 6-7. Savings in cost per buoy planted in the CNA

region range from $3300 to $900 for 4-buoy and 12-buoy ships, respectii.ely; comparable

savings of $4300 to $1900 ar-e shown for the combined DO MDZs For ail 375 buoys

d0eployed, savings in ship operating cost per buoy planted from use of 8 1:orts rather

than 3 ports. vary from $3600 for the 4-buoy ship to $1130 for the 12-busy ship.

It is of interest to identify the MDZs in which greatest savings in iverage ship

operating cost per buoy planted. distance per buoy planted, and time per buoy planted

are most significant. Comparison by MDZs of average ship operating cost per buoy

planted is shown in Fig. 6-8. As expected, average cost per buoy planted is essentially

unchanged for the Ea3t Coast, West Coast, North Pacific East and Normh Atlantic

*The reader must bear in mind that all these values are based on a safety factor

of 1.0, meaning that deployment time consists of the sum of time-to-plan: each buoy,
travel time at the stated average speed, and port time (at the rate of 10 days per
cruise). Obviously, a safety factor of 1.0 allows for no time lost due to bad weather
or other contigencies. Thus, actual time incurred in deployment might b& about
10 to 30 percent greater than the values-cited (safety factor of 1.1 to 1.3)
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Notes. L Time-to-plant = 24 hr
2. Base cost/sea day = $5000
3. Safety factor = L 0
4. Port days/cruise = 10
5 Ship Speed 18 kt

9Ports

3 A" CNA: 275 Buoys
78 8

5

4 8 12

6

Ship Ports DO: 100 Buoys
Operating 4 3o

Deployment 8
Cost
($M) 2

0 .....

4 8

Ports

Total: 375 B.&eys

10

6

4 8 12

Ship Buoy-Carrying Capacity

Fig. 6-6. Sip operating deployment cost.
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Notes: 1. Time-to-plant = ?4 hr
2. Base cost/sea day = $5000
3. Safety factor 1.0
4. Port days/cruise 10
5. Ship Speed 1I kt

30 3. Ports

28 • CNA: 273 Buoys

10 I p
4 8 12

50 Ports

Average 3 DO: 10G Buoys
Ship-(4pe rating 40

Cost
per BuoN
Planted 30

(thousands
of dollars) 2)0,

4 12

40
Pori rUTAl,: 3T75 Buoys

30 I
20 -

10

4 U .

Ship Buoy -Carrying Capacity

Fig. 6-7. Avernge Nhip-oPerating deployment cost per buoy planted.
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Notes: 1. Time-to-plant = 24 hr
2. Base cost/sea-day = $5000

50 3. Safety Factor = L0
4. Port Days/Cruise = 10
5. Ship Speed = 15 or

18 kt
6. No. Buoys Planted = 375

40 Ship Buoy-Carrying
Capacity

3 Ports

I4
Average

Ship 30 8 Ports

Operating
Cost per 8

Buoy
Planted [

($K) 1.2

20

10

0
GB EC GM MC WC GA NPE NPW NA

Coastal North America Deep Ocean

Modular Deployment Zone

Fig. 6-8. Average ship operating cost per buoy planted.
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MDZs.* The greatest improvement in average ship operating cost per buoy planted

occurs as also expected in the North Pacific West MDZ. For the 12-buoy ship operat-

ing from Guam, that improvement is $3600, whereas savings in average cost for all

375 buoys deployed was only $1130. If an 8-buoy ship is used for deployment from

Guam in the NPW MDZ, average ship operating cost per buoy deployed lowers from

$31,700 to $26,500.** Greatest percentage of saving, of course, is indicated for the

4-buoy ship, where the averpýe cost per buoy planted drops from $49,500 to $35,000:

i.e., a reduction of $14,500 per buoy and o. savings of 41.5%. The difference in average

cost per buoy planted in going from the 4-buoy ship to the 12-buoy ship, both operating

out of Guam, is $11,500.

As an extreme case to illustrate the effect of properly choosing port and ship

buoy-carrying capacity, a saving of $25,500 per buoy deployed is indicated by comparing

a 4-buoy ship deploying buoys from Honolulu to the NPW MDZ with a 12-buoy ship

operating out of Guam for the same deployment.

The Mexican Coast MDZ represents another MDZ in which high savings might

be achieved. Here, San Diego rather than San Francisco has been used as the port of

deployment. Average cost per buoy planted using the 12-buoy ship, drops from $17,800

to $15,000, an average saving of $2800 per buoy.

In the Grand Banks and Gulf of Mexico MDZs, use of the 8-port configuration

indicates that average savings per buoy planted, using a 12-buoy ship, would be $600

and $1200 respectively, In the remaining 4 MDZs (EC, WC, NPE, and NA), no substan-

tial savings are found, because these MDZs are all served by the same ports that are

used in the 3-port configuration.

*The interested reader will wonder w1y there are gmall dlfhrmMoea in averag
cost to plant for the 8-port and 3-port deplaynont for the XC. WC, NPE, and NA
MDZs. These diffemmes stem from somewlat difie ore t e sitratoos bei--
employed and a slightly diMerent total avaher of buos deployed, in the cag a( 2C. WC,
and NPR MDZs. While the basic phqspopt of oodme deploment vu the samw In &U

* ~~casem, the actual sequence of bucs to be deployed was etabblished idpnutyb
two individubl at TIC. 1~re was some irs Inbe iaeterminIng which permo woaaM
prochme d low4 cost dsplqmeats in these thee 3Dbt. It Is q•arut that the varl-

* a4u in results is extrenelf small, ths demotmmuatg the gff•ic•mr o the gmOm l
deployment stratep and statements elsewhere in this report that many different
approaches to deplomnt sohedtling are appramt'ly equivalent.

**Comparable figures for the 12-buoy ship are $27,600 to $24,000.
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Many of the comments presented above are summarized in Fig. 6-9, which

shows the reduction in total distance traveled atd average distance traveled per buoy

planted, and the reduction in total deployment time and average deployment time per

buoy planted, and the reducion in total cost to deploy 375 buoys and the reduction in

average cost per buoy p' ,ted. The numerical details of the curve shown in Fig. 6-9

have been tabulated for -ev iy reference in Table 6-2.

TABLE 6-2
IMPROVEMENT IN 375-BUOY SYSTEM DEPLOYMENT CHARACTERISTICS:

8-PORT VS 3-PORT _ _ _-

Reduction in dis- Reduction in min. Reduction in deploy-
carryi g uoytance traveled time to deploy went cost ($K)
capacity (n mr) (ship-daym)capacity ...

Total Avg/buoy Total Avg/buoy Total Avg/buoy

4 82,652 220 183.1 0.49 1,344 3.58

8 39,311 104 77.4 0.21 667 1.78

12 26,867 72 40.8 0.11 422 1.13

Notes: 1, Time-to-plant = 24 hr
2. Base cost/sea day = $5000
3. Safety factor 1 1.0
4. Port days/crulse =0 10
5. Total buoys deployed = 375
6. Ship speed =18 kt

6.3 Limitations on the 8-Port Vs 3-Port Buom Deployment Analysis

The above results have been based on a simple analysis involviug distance

traveled, time at sea avid time in port, base cost per sea-day, and fuel and ship main-

tenance costs. The savings preseated are contingent on the meaningfulness of cost

values used, and the aooptability of the safety faotor, ship speed, and port time assump-

tins. Prorated ship construction costs have not been Included (had they been included,

all costs would have been higher and the savings would have been proportionately

greater beoame the use of 8 ports rzedoes total time to plant and distance traveled,

both of which impact directly on the amount of prorated ship costs that would be

allocated to the average cost per buoy planted). No attempt has been made to incorpo-

rate transportation costs of moving buoys from depots or manufacturing sites to
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Notes: L Time-to-plant = 24 hr
2. Base coat/sea day = $5000
3. Safety factor = L 0
4. Port days/cruise = 10
5. Total Buoys Deployed = 375
6. Ship Speed = I8 kt

Reduction 100 Total Distance 0.4 Average Distance Traveled
Li'uasads • Traveled F per Buoy Planted

Sof mi) 50ofn m 0.2

0I 0 ,
4 8 12 4 8 12

300 Total Deploy 0.6 Average Deploy 1time

Time

Reduction 200 0. 4
(ship-days)

100 0.2
0 ' a0

4 8 12 4 8 1211

[
2.0 Total Cost to Deploy 4 Average Cost per

"375 Buoys Buoy Planted
1.8- 3

) L 0 2

0.5 1

0 j 0 r -1
4 $ 12 4 8 12

Ship om.-Ca&rng Capacity

Fig. 6-9. Redmotio In depleyvat obaracteriatios: 8-port vs 3-port.
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deployment ports. Nor has any attempt been made to include costa of additional dock-

side facilities or on-shore facilities for crews.

6.4 Conclusions

It should be apparent that the 8-port vs 3-port analysis in this section has

delineated an uuper bound on possible savings and that additional costs such as those

outlined in the paragraph above will detract from the possible savings previously

presented.

The analysis has provided, however, a basis for preliminary judgment that deploy-

ment of buoys in the North Pacific West and the Mexican Coast MDZs should most

probably take place from ports such as G3uam and San Diego respectively.*

A more thorough analysis must be made to show that apparent marginal savings

would justify use of Ketchikan, Galveston,and Boston for deployment of buoys in the

Gulf of Alaska, the Gulf of Mexico, and the Grand Banks MDZs, respectively.

In summary, a preliminary judgment that might be derived from this analysis is

the following. A 5-port rather than a 3-port buoy deployment (and mainteiance) con-

figuration appears to be reasonable for a nine HDZ northern hemisphere data buoy

system. However, if the number of buoy. to be deployed by tPe U.S. in the North Pacific

West and Mexican Coast MDZs is minimal In comparison to deployments in the other

seven northern hemisphere MDZs, then the 3-port deployment configuration (Portsmouth,

San Francisco, and Honolulu) appears to be cost effective, unless more detailed analyses

show that other potenlial cobts associated with deploying out of other ports are quite

small.

The savings that might be accrued from using 8, rather than 3, deployment ports

stem in part from reduced fuel costs tAn to less distance traveled. Table 6-3 shows the

distance traveled and fuel costs for an 8-buoy, 15 it ship ($3.68/n ml) and a 12-buoy,

iS kt ship ($7i.01/n mil), for the 3-port and S-port deployment configurations. Also

given in Tabk 6-3 are the savings in the CNA, DO, and combined CNA and DO regions,

ulong with the savings per buoy planted for all onditions. In brief, for the S-buoy,

15 kt skip, total fuel costs are $92,000 for 3-port dsplqamsnt and $548,000 for the

*Further savings nmght be aoorus by deploying from a MOeCIca port.
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8-port case; the saving is $144,000, or $384 saved per buoy planted. For the 12-buoy,

18 kt ship, total fuei costs are $1,046,000 and $858,000 for 3-port and 8-port deploy-

ment, respectively. Savings from using 8 ports would be $188,000 or $503 saved per

buoy.

TABLE 6-3
FUEL COSTS AND SAVINGS (375-BUOY SYSTEM)

Fuel cost Fuel cost
Ship buoy- Distance ($K) Fuel cost savings

Region carrying traveled - savings per buoy
capacity (n mi) ship; ship, ($K) planted

15 kt is kt ($)

3-port:

CNA 8 94,339 347.2
12 71,196 499.1

DO 8 93,664 344.7
12 78,066 547.2

Total 8 188,003 691.9
12 149,262 1,046.3

8-port:

CNA 8 66,851 246.0 101.2 368
12 53,779 377.0 122.1 445

DO 6 82,041 301.9 42.8 428
12 68,616 481.0 66.2 662

Total 8 148,892 547 ' 144.0 384
12 122,395 858.0 188.3 503
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7.0 ANALYSIS OF TIME-IN-PORT ALTERNATIVES

The number of days that buoy de! oyment/maintenance ships spend in port follow-

ing each cruise must be treated as a variable at the time of this study. The NDBS

DPO has specified port day ship operating costs at 0.94 of base cost per sea day. Thus,

all ship operating costs, except fuel costs, are essentially the same when in port or at

sea. Selecting port days per cruise is tantamount to defining a buoy deploymenlt/main-

tenance policy. For example, if port days per cruise are set at 5, then it would be

necessary to provide for a 2-crew mode of operation; and a port and sea routine for

"Blue" and "White" crews would have to be established. Conversely, if port days per

cruise are set at 20, then it is apparent that for many deployment cruises, the number

of days spent in port may exceed the number of days at sea, and the queation of crew

tasks in port must be considered. With 10 port days per cruise, it is likely that ship

loading and crew rest and training will occupy most of the port time. All analyses

presented in this report up to this point have used a factor of 10 port days per cruise.

(A simple algortihm varying port days between 4 and 10 has been used for ships depart-

ing port with less than a full buoy load.)

This section presents in considerable detail the time to deploy buoys, cost to

deploy buoys, and the average number of buoys planted per ship-year for time in port

per cruise factorm of 20 days, 10 days and 5 days. The analysis has been based on the

375-buoy system (75 percent of baseline). Date and retults have been obtained for

both 3-port and 8-port deployments (i.e., the eame port conflgurations that were used

in the previous section). The rester is reminded that throughout thip section and this

report, a safety factor of 1.0 has been used, thus giving min possible costs to

accomplish deployment, A possible time to accomplish cruise deployment

schedules, etc, In actual practice, it y be njcceseary to allow for up to one-third

more time at sea (to account for bad weather and other uncertainties) than would be

msd to carry out deployment (or maintenance) under ideal conditions.

7.1 Flve. Ten and Twenty os v Port Time Per Cruise:.The 3-Port Dyl•oyment

Figure 7-1 shows total time to deploy buoys In the six CNA MDZs, the three

northern hemispb.e' DO MDZs, and the time to deploy all buoys In the combined CNA

and DO regons. In the CNA region, with a 12-buoy ship, 275 buoys cmn be deployed

i16



Notes: (1) Time-to-plant 24 hr
(2) Safety factor 1.0
(3) Ship speed 1I kt

30 --

Time to Max port days/cruise

deploy all 207
CNA buovs /.CNA: 275 buoys
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ship-days) 100 15

0 
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4 6 12

10
Time to
deploy all
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DO buoys10
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ship-days) 0I

4 8 12

30 IA

Time to
deploy 20
375 buoys Total: 375 buoy

(hundreds of
ship-days) 10 

0

0 IL
"4 8 12

Ship buoy-carrying capselty

FIg. 7-1. Time to Deploy Buoys (3-Port Deployment)
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within a span of aprrox~irately 500 to 1,000 ship-days, for port days per cruise ranging

from 5 to 20. Tctal time to deploy is commensurately longer for 8-buoy and 4-buw'v

ships. In the DO region, 100 buoys can be deployed in approximately 300 to 500 ship-

days; again, for port days per cruise in the range of 5 to 20. When both regions are

combined, Fig. 7-1 indicates that total deployment time using 5 port days per cruise

is about 885 ship-days; it is 1,045 ship-days wi~h 10 port days per cruise; and it is

1,363 ship-days using 20 port day6 per cruise. With 10 port days per ciuise as a base,

the 5 port days condition produces a 15 percent reduction in deployment time and the

20-day condition produces a 30 percent increase in time for deployment. (The above

values are all based on the following conditions: Ship buoy-carrying capacity of 12,

time-to--plant of 24 hours, safety factor of 1.0, and average ship speed of 18 kt.)

Figure 7-2 shows the average deployment times in the CNA, DO and northern hemi-

sphere regions commensurate with the previous total times to deploy given in Fig. 7-1.

In general, for the 12-buoy ship operating at 18 kt, average time per buoy deployed is

between approximately 2.5 and 5 days.

The cost to deploy buoys in the CNA, DO and combined CNA and DO regions is

shown in Fig. 7-3. For the 10 port days per cruise and 12-buoy ship condition, total

cost of deployment is approximately $6.8 million, resulting from approximately

$4.2 million required for CNA a.id $2.6 million required for DO. Shifting to 5 port

days per cruise, and holding other factors the same, results in a reduction in total

cost to $5.95 million, and savings of $840,000 (12 percent). Using 20 port days per

cruise increases cost to $8.46 million for total deployment, an Increase of more than

$1 .6 million (25 percent). FIgure 7-4 presents average cost per buoy planted, based

on the costs presented in Fig. 7-3. For the 12-buoy ship and 6 port days per cruise,

average cost to plant all 375 buoys can be as low as $15,900 per buoy, for 10 port days

per cruise It would be approximately $18,100 per buoy; and for 20 port days per cruise

average cost would rise to $22,600 per buoy planted. These values assumed $5,000 bast

cost per sea day and the other coaditions noted above. 3qplicit values of average ship

operations cost per buoy plaited are given in Tablo 7-1.

7.2 FIve, Te and Twenty Das Port 'flmo r Cruls: Ith 8-Port Deloymet

Figure 7-5 shows the total time to deploy 275 CNA buoys. 100 Deep Ocean buoys,

sad a total of 375 buoys for the combined CNA and DO regions. When compared to the

11l



Notes: ti) Time-to-plant 24 hr
(2) Safety factor 1.0
(3" Ship speed 1 - kt
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Fig. 7-2. A"iru Depoyme•t nrime PNrwoy PlAted (3-Port Deployment)
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Notes: (1) Time-to-plant 24 hr
(2) Base cost/sea day ý $5000

(3) Safety factor = 1.0

(4) Ship speed = 15 or 18 kt

15r

Max port days/cruise

CoEt to dep!ov 1'): 775••uoys
all CNA buoys CNA: 275 buoys
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4 8 12
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Fig. 7-3. Cost to Deploy Buoys (3-Port Deployment)
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Notes: (1) Time-to-plant 24 hr
(2) Base cost/sea day = $5000
(3) Safety factor = 1.0
'4) Ship speed 15 or 18 kt
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Fig. 7-4. Average Cost Per Buoy Planted (3-Port Deployment)
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TABLE 7-1

AVERAGE DEPLOYMENT CHARACTERISTICS

AVg. ship operating A Avg. time In portco~ pe buy pantd Avg. time-to-plant
cost per buoy planted (ship days) per buoy planted

Ro hp buoy- M m po(ship days) Avg. time at sea
Region carrying Maximum port days Maximum port days Maximum port days per buoy planted

Maxium ortta- (shlp dan)per cruise j per cruise per cruise

3- Port I I
4 21.5 27.8 40.3 3.64 4.89 7.41 1.27 2.53 5,05 2.37

CNA 8 15.9 19.3 25.9 2.45 3.09 4.15 0.65 1.30 2.60 1.79

12 13.1 15.3 !9.8 2.(4 2.45 3,31 0.44 0.85 1.71 1.60

4 35,9 42.1 64.6 5.63 6,88 9.38 1.25 2.50 5.00 4.38

DO 8 27.7 31.2 37.7 3.82 4.47 5.72 0.65 1.30 2.55 3.17

12 23.6 25.9 30.3 3.26 3.71 4.54 0.45 0.90 1.73 2.81

4 25.3 31.6 46.8 4.17 5.42 7.94 1.27 2.52 5.03 2.90

Total 8 19.1 22.5 29.1 2.81 3.46 4.72 0.65 1.30 2.56 2.16

12 15.9 18.1 22.6 2.36 2.79 3.63 0.44 0.87 1.71 1.92

8- Port

4 18.2 24.5 37.0 3.18 4.44 6.95 1.27 2.53 6.05 1.91

CNA 8 13.9 17.4 23.9 2.22 2.87 4,12 0.65 1.31 2.56 1.56

1 12.0 14.4 18.9 1.93 2.38 3.23 0.47 0.93 1.78 1,45

4 31.4 37.8 50.3 5.02 6.31 8.81 1.3v 2 59 5.10 3.72

DO 8 25.7 29.4 35.9 3.06 4.30 5,55 0.70 1.40 2.65 2.60

12 22.3 24.0 29.0 3.11 3.49 4.39 0.45 0.90 1.73 2.66

4 21.7 28.0 40.6 3.67 4.94 7.45 1.28 2.55 I5.06 2.39

Total 8 17o0 20.6 27.1 2.59 3.25 4.50 C.67 1.33 2,58 1.92

12 14.7 17.0 21.6 2.24 2.68 3.54 0.47 0.92 1.77 1.77

Notes: (1) Time-to-plant = 24 hr
(2) Bass cost/sea day = $5000

(3) Safety factor = 1.0

(4) Ship speed = 15 or 18 kt
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Notes: (1) Time-to-plant 24 hr
(2) Safety factor 1.0
(3) Ship speed =18 kt
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deploy all CNA: 275 buoys
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20
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375 buoys 10

(hundreds of 1010
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0
4 8 12

SMp buoy-cu ng capity

Fig. 7-5. Time to Deploy Buoys (8-Port Deployment)
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10 port day results, it is apparent that reducing port days to 5 per cruise also reduces

total time to deploy in all ranges approximately 16 percent, i.e., whereas it takes 1,000

ship-days to deploy all 375 buoys with 10 port days per cruise, there is a reduction to

840 ship-days for 5 port days per cruise. (These figures hold for a time-to-plant of

24 hours, a safety factor of 1.0, and an average ship mpeed of 18 kt.) This 16 percent

improvement is only slightly better than the 15 percent improvement noted for the

3-port deployment.

Comparing the 20 port days per cruise to the 10 port days per cruise, it is seen

that the total time to deploy increases by approximately 30 to 50 percent. Thus, while

the 12-buoy ship requires 1,000 ship-days for total deployment based on 10 port days

per cruise, the same ship would require more than 1,300 days, using 20 port days per

cruise. A 4-buoy ship under similar conditions would require 1350, 1800, and 2800

ship-days for deployment for port days per cruise of 5, 10, and 20, respectively, as

seen from Fig. 7-5.

Figure 7-6 gives average deployment time per buoy planted based on the total

times to deploy shown in Fig. 7-5. Average time to deploy all 375 buoys from a 12-

buoy ship varies from 2.24 days per buoy planted using 5 port days per cruise, to

2.68 days per buoy planted for 10 por* days per cruise, and 3.54 days per buoy planted for

for 20 port days per cruise. Using 10 port days per cruise as a reference, there is a

reduction of 16.4 percent in going to the 5 port day per cruise condition, and a 31.3

percent increase when using the 20 port days per cruise condition. These figures apply

to the 12-buoy ship, a safety factor of 1.0 24 hours time-to-plant, and an average ship

speed of 18 kt.

Figure 7-7 shows cost to deploy in CNA, DO, and all 375 buoys, using a base cost

per sea-day of $5,000. Cost to plant all 375 buoys for the 10 port days per cruise is

approximately $6.4 million. (It was $6.8 million for the 3-port deployment.) Use of

5 port days per cruise results in a savings of approximately $840,000, and use of 20

port days per cruise increases deployment costs by $1,730,000. The decrease is about

13 percent and the increase is about 26 percent. Figure 7-8 gives average cost per buoy

planted for the total costs shown in Fig. 7-7. Elicit values of average cost are found

in Table 7-1. It is seen that for the 12-buoy ship and combined CNA and DO regions,

the average ship-operating cost per buoy planted ranges from $14,700 to $21,600, for

5 and 20 port days per cruise, respectively.
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Notes: (1) Time-to-plant = 24 hr
(2) Safety factor = 1.0
(3) Ship speed = 18 kt
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Fig. 7-6. Average Deployment Time Per Buoy Planted (8-Port Deployment)

125

• .,• • .•,W



Notes (1) Time-to-plant 24 hr
k) Base cost/sea day = $5000
(3b Safety factor -- 1.0
(4) Ship speed 15 or 18 kt
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FIg. 7-7. Cost to Deploy Buoys (8-Port Deployment)
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Notes: (1) Time-to-plant = 24 hr
(2) Base cost/sea day = $5000
(3) Safety factor = 1.0
(4) Ship speed = 15 or 18 kt
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F1g. 7-8. Avwrage Cost Per Buoy Planted (8-Port Deployment)
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7.3 Detailed Port-days Analysis for the Twelve-buoy Ship

The preceding 3-port and 8-port analyses make clear the advantage of using the

12-buoy, 18 kt ship. A more detailed comparison of the results of varying port days

per cruise is shown in Figs. 7-9 through 7-12. Both 3-port and 8-port data have been

plotted.

Figure 7-9 shows the comparison of time to deploy buoys in the CNA, DO and

combined CNA and DO regions. Deployment time in CNA ranges from approximately

560 to 910 days for the 3-port case, M<d 530 to 890 days for the 8-port cue, for 5 and

20 port days per cruise, respectively. The corresponding intermediate 10 port day

values are 675 aad 656 days. For the DO region, the deployment times for 5, 10, and

20 port days are 326, 371 and 454 for the 3-port configuration; and 311,349 and 439

for the 8-port configuration. The summation of deployment times gives 886, 1,045 and

1,363 days for the 3-port case; and 840, 1,004 and 1,328 days for the 8-port case. The

purpose in delineating the dihta plotted in Fig. 7-9 is to emphasize the lower bound on

the time required (ship-dayt) to effect deploymont of the 375-buoy system.

Assuming 335 operating days per ship, for the 12 buoy, 18 kt ship, the total

deployment could be carried out by three ships in one year under the 3-port, 5-port

days per cruise condition with a safety factor of 1.14 (i.e., 1,004/R46). Using 3 ships

and the 8-port, 10-port days per cruise condition, the entire deployment could be

carried out with a safety factor of 1.0. Of course, it must be held in mind that under

the conditions specified, the three ships would spend a total of 375 days in planting the

buoys and they would accumulate a total of about 330 to 360 days in port. Thus, on the

averags, each of the throe ships would be traveling to and from port and buoy Io-atimon

and from buoy location to buoy location less than one-third of thO time. If 20 port days

per cruise becomes the standard mode of operation, It Is evident that It would take Sour

ships to carry out deploymeM in one year.*

on has bee noted elsewhUre that with on-board regurbs•hmeat of buoys, it Is quite
possible that moe thaU 12 buoys could be on a cruise. Thuis,
might be made from 8 ports to got the task don as quldy as possible. a&W
might take place from as few as 3 to as many as S ports. TIbmr are mny potemnially
somoulosl cooMutons of ports, cruise schedules, and port days p-r cruise that
show that three ships could satisfactorily handle the natire 376-buoy system. It IS
quite clear, however, that 3?5 buoys is applromaty the upper limit for accomplihing
diployment in one year by three 12-buoy. 18 kt ships.
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Notes: (1) Time-to-plant = 24 hr
(2) Safety factor = 1.0
(3) Shlp speed = 18 kt
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Notes: (1) Time-to-plant = 24 hr
(2) Safety factor = 1.0
(3) Ship speed = 18 kt
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Notes: (1) Time-to-plant = 24 hr
(2) Base cost/sea day = $5,000
(3) Safety factor = 1.0
(4) Ship speed = 15 or

18 k*.
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Notes: (1) Tirre-to-plant - 21 hr

(2) Base c'st/sea day $0,000
(3) Safety factor i.0

(4, Ship speed 15 or

18 kt
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Fig. 7-12. Average Cost Per Buoy Planted (12-Buoy Ship)
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Figure t-10 gives average time to plait each bu-y !cr CNA, DO and the combined

CNA and DO regions. For the 3-port condition, ;n CNA the values are approximately

2.04, 2.45 and 3.3 da)i for 5, 10 and 20 port dat, per cruise. In DO, the P,3rresponding

average times are 3.25, 3.7 and 4.5. For the combinati-on of CNA and DO regions, the

val-es are 2.36, 2.8 and 3.63 days. Use of the 8-port condition gives only minor

improvemr~ents: 1 9%, 2.38 and 3.23 days in CNA; 3.1, 3.5 and 4.4 days in DO; and 2.24,

2.68 and 3.54 days for the combined regions. Again, the numerical values associated

with the plotted curves are presented to stress ýbe minor overall Improvement in going

from the 3-port to 8-port configuration, and to highlight the considerable differences

corspared by the range of 5 to 20 port days per cruise. It should be held in mind that

for all average time to plant values, one day (24 hours) of the value given is attributable

to the task of deploying the buoy and a saety factor of 1.0 has been used.

In geveral, developing a technique to complete deployment in 12 hours or less

would produce a greater overall improvement in operations than shifting from a 3-port

to 8-port conLigurtion, or shifting frcm 10 to 5 port days per cruise. In short, there

would be a large payoff in keeping deployment time while on station to the minimum

practicable-possibly in the range of 6 to 12 hours.

Total ship operating cost to deploy buoys is presented in Flg. 7-11. For the

combined CNA and DO -Woos, usirg three ports, total ship operating cost ranges from

$5.95 million to $8.46 million, iu going from 5 to 20 port days per cruise,* The 10 port

day cost value is $6.8 million. The corresponding 8-port range of values if $5.53 million

to $8.09 mtllion, with $6.4 million for the 10 port day value. Clearly, going from 3

por-.s to 8 ports produces a $00O,000 savings, before other conts are factozed iu. Con-

ertrng from 10 to 5 port days reduces ship operating costs by about $800,00C (before

deducting the additional costs of the alternate crew); c~anging from .10 to ?0 port days

lareasss costs by about $1.6 million. uit/ng from 10 to 20 port days per cruise Is

essentially #t not wwtly) e•valent to uwa-; thJ 10 port day per cruise condition

with a saVty factor of about 1.3.

MW SaPM-a #Wi cpetaftt oost per bWoy pleAted Is shown In Fig. 7-12. The

s W Wq dat an e alod in'Tb* M and need not be kvpet here. All average

oosts showf In F1g. 7-12 He *=*ewhere to a tangs bowvied by $1-Z18 par busy and

*Loossly bistrpreW~, thi suggets that $9 millio is probabl a lower bound an, the
cost of depjqft ti• •5-bu ay~tsm, and $9 million Is an upper bound an cost.
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$30,000 per buoy. Average costs for the 10 port days per cruise condition are in an

inner range of $14,400 per buoy (CNA, 8-ports) to $25,900 per buoy (DO, 3-ports).

In summary, an effort has been made here to delineate in greater detail the

general and relative nature of savings or increased cost of operations due to variation

in port days per cruise, using two different deployment port configurations. In

instances where savings have been shown, it must be clearly recognized that in all

cases the act that presumably creates the savings also produces secondary costs that

have not been considered in this analysis. Thus, in actual practice, there would be

little likelihood of achieving _all of the savings indicated.

7M4 Relationship of Port Days to Sea Days

To contribute to overall system cost-effectiveness, the operational schedule for

a major buoy tending ship must provide a high average rate of useage, for buoy deploy-

ment/maintenance ships represent major capital investments. Port time-while

obviously necessary for refueling, taking on supplies, on-loading and off-loading data

bu3ys, etc.-may also be representative of capital investment used uneconomically.*

The three figures presented in this subsection--Figs. 7-13 through 7-15-show

graphically the relative average port days and average sea days per buoy deployed

in the CNA region (Fig. 7-13),in the DO region (Fig. 7-14), and in the combined CNA

and DO regions (Fig. 7-15). The data used for these graphs is found in Table 7-1.

All three figures are based on 24 hrs time-to-plant, average ship speed of 18 kt, a

safetry ctor 9f1.9, and use of the 3-port deployment.

In each figure the average time at sea per buoy planted is a fixed function of

ship buoy-carrying capacity. Maximum port days per cruise is the principal variable.

Using average time at sea per buoy planted as a reference, the average port time in

the CNA region is 27.5%, 53%, and 100% of the time at sea, for 5, 10, and 20 port days

rer cruise, using the 12-buoy ship. The percentages would be higher for an 8-buoy

or 4-buoy ship.

*The port time referred to here li defined as scheduled ship time in port between

scheduled cruiues. It does not include the opproxtmately 60-75 days required evory
two years for dry dock overhaul of the ship.
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Notes:. (1) Time-to-plant = 24 hr
(2) Safety factor = 1.0
(3) No. buoys deployed = 275
(4) No. ports = 3
(5) Ship speed = 18 kt

[5Max port days/cruse 5
Average deployment Avg time-to-plant each buoy

time per buoy
planted Avg time in port

(ship-days) ) per buoy pLantedAgtime at seapeAvg umOper1

1buoy planted 1
4 8 12
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Average deployment
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4 8 12

Max port days/crule -20

Average deployment ,
time per buoy

planted
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0[I
4 8 12

Shp buoy-carrying capacity

Fig. 7-13. Comparisca o Coastal North America Avera Dsployinxut
Time Per BNoy Planted
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Notes: (1) Time-to-plant 24 hr
(2) Safety factoO 1.0
(3) No. buoys deployed 100

(4) No. ports 3
I (5) Ship speed -18 kt

10 - Max port days/cruise 5

Average deployment Avg time-to-plant each buoy
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planted 7 7 Avg time in
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4 8 12
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0 i I I

4 8 12
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0 I I I
4 8 12
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Fig. 7-14. Comparison of Deep Ocean Average Deployment Time Per Buuy Planted
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Notes: (1) Time-to-plant 24 hr
(2) Safety factor 1.0
(3) No. buoys deployed 375
(4) No. ports 3
(5) Ship speed 18 kt
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For the DO region-again using the 12-buoy ship-cruises are longer in duration

(some exceed the the desired 22.5 day limit) and the percentage of average time in port

per buoy planted, relative to average time at sea, is less than in CNA: 16%, 32%, and

61.5% for 5, 10, and 20 maximum port days per cruise.

For the combined CNA and DO regions, and using the 12-buoy ship and other

conditions noted previously, the percentage of average time in port per buoy planted,

relative to average time at sea per buoy planted is 23*, 45%, and 89% for 5, 10, and

20 port days per cruise.

In all cases, the use of a ship with a smaller buoy-carrying capacity results in

a higher ratio of port days to sea days, because deployment cruises are generally of

shorter duration due to a smaller number of buoys being deployed.

To summarize, for the 12-buoy, 18 kt ship, scheduling 20 port days per cruise

results on the average over both CNA and DO in essentially equal amounts of time at

sea and in port (using a safety factor of 1.0). Correspondingly, scheduling 10 port days

per cruise results in port time being about one-third to one-half the time at sea for DO

and CNA respectively, with the average over both regions being slightly less than half.

Using 5 port days per cruise brings the ratio of port days to sea days to 0.275 for CNA,

0.16 for DO, apd 0.23 for both regions combined.

It might be noted that these results are in line with what should have been *Nwpeted.

The fact that the buoy deployment/mnaluntecn simulation and cost model confirms

what appears tobs Intuitively true do" not diminish the ueekeless of the results, Rather,

it places more coenfdence in the use of relatively simple planning factkos, always an

Important goal in the use of a aswtom simulation model."

*At is aloe to have Intuition soportod. but tlat rapport Mer act a lwp bess Wah-eb-
coMig in this study. For 60am e. th re•" to U. Ma sp qOWwera ost to

depoybuysby galeg from a 3-port to an S-port deplaynot .anfIaUSS wWs 04P8e111
to be of the order of l5-o5, before oher obeo a Included. Ihe hot tIlM the
reductiom wm of the order o -% " sm a•m overall bets did ft -et m th IsId
InMitive mwer. morluy, siatiM miels are els XIMMMe to b* disahe
analysts sad plaroare of ther falsely held modoes.



7.5 Effect of Port Days on Average Number of Buoys Plantd er Shp-ear

Deployment (and maintenance) of data buoys can, under most economical condi-

tions, take place only in a quantum (or, modular) sense. Simply put, there Is an upper

bound on how much a deployment/maintenance ship can accomplish in a unit period nf

time. To do substantially more requires acquisition of another ship. Thus, a funda-

mental metric (or, planning factor) that should evolve from a study such as this is the

deployment (maintenance) capability of a ship of specified characteristics. A con-

venient way of expressing deployment capability is in terms of the average number of

buoys planted per ship-year. Here, the guidance of the NDBS DPO has been followtei

and an average ship-year has been assumed L, I-e 335 days.

Buoy deploying capability of a ship is a function of ship buoy-carrying capacity,

ship speed, total distance to be traveled to deploy all buoys (which in turn is a function

of buoy and port locations), time-to-plant each buoy, and port days per cruise. The

desired values of buoys planted per ship-year follow directly from the average time to

deploy buoys, discussed previously in this section.

Average number of buoys planted per ship-year as a function of ship-buoy-carrying

capacity, maximum port days per cruise, and for 3-port and 8-port configurations is

giver. in Table 7-2. These data are graphically presented in Fip. 7-16, 7-17, and 7-18,

for the 3-port, 8-port, and 12-buoy ship respectively.

The figures (and the table) support the conclusion that the 100 DO buoys in thi

375-buoy system might be deployed in about one ship-year, total. &A It is obvious that

it would probably be necessary to use Guam as a deployawat port in the North Pacific

West MDZ, and port days per cruise might have to Le close to 5 days.

In CNA two 12-bucy 10-kt shipo could deploy all 275 buoys from the 3-port mog-

ursation Mhn a year. under the 10-port days per crise, saft haftr d I, and 34 hr

time-t,-plant conditons. A more desrable sitalom of ewer bours to plant, fewr

port days per cruise, and more deptoymWt ports would permit dsp W the 276 buoys

wthin a yoar with a safety factor etoser than 1.0. IA .e obvu a ma mer oa

*Not dnio from these values mad pS #'Is te s ot fd t a mear ex oritss
ouMld ,sed n.6 days, em a& the 164-t s sped. Ot soas, It Ums--IWO

omid be refd to l1 htr u' then M hr, the mows dsulrddo dspleymest shebddels
umt be phamed.
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TABLE 7-2
AVERAGE NUMBER OF DATA BUOYS PLANTED PER SHIP-YEAR (335 DAYS)

Ship buoy- Average maximum number of A

Region carrying buoys planted per ship-year (Buoys planted/ship-year
capacity Maximum port days/cruise per port day/cruise)

5 10 20

3-Port

I CNA 4 92 69 45 -3.2

8 136 108 77 -3.9

12 164 137 101 -4.2

DO 4 60 49 36 -1.6

8 88 75 59 -1.9

12 103 90 74 -1.9

Total 4 80 62 42 -2.5

8 119 97 71 -3.2

12 142 120 92 -3.3

8-Port

CNA 4 105 75 48 -3.6

8 151 1'7 81 -4.7

12 174 141 104 -4.7

DO 4 67 53 38 -1.9

7 6 -91.9

12 106 N 76 -3.3

TOWa 4 91 66 45 -3.1
- 1 103 74 -a.7

12 I 1 _ _ __9 -34.7

m sakt'l .k.
(1, NO m RO a1skt
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Notes: (1) Time-to-plant 24 hr

(2) Safety factor 1.0

(3) Ship speed I1 kt
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Notes: (1) Time-to-plant 24 hr
(2) Safety factor 1.0
(3) Ship speed 18 kt
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Notes: (1) Time-to-plant = 24 hr
(2) Safety factor = 1.0
(3) Ship speed = 18 kt
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I I I
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0 j ..

5 10 20

Mmxlm.am pott days/oruia-
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deployment planning factors that can be modified somewhat to achieve certain desired

goals.*

Table 7-2 shows that the jygl sensitivity of average number of buoys planted

per ship-year is in the range of 1.6 to 4.7 buoys per ship-year per decreased port day.

Thus, lowering the number of port days per cruise from 10 to 9 increases the average

buoy-depioying capability oi a 12-buoy, 18 kt ship by about 4 buoys per ship-year in

the CNA region, or about 2 buoys per ship-year in the DO region.

This concludes the analysis of the effect of variation in port-days per cruise.

While there is no suggestion that a definitive analysis has been performed, it in sug-

gested that the results discussed in this section provide a reasonably firm basis for

development planning efforts at this time. Simple planning factors such as the capa-

bility of a 12-buoy, 18 kt ship to deploy about 90 to 140 buoys per ship-year must be

clearly qualified ,t but the likely range of variation around these bounds is more of the

order of 10 to 30 per cent, rather than by factors of 2 or 0.5.

The results dis.,ussed in this section have been based on a buoy "population" of

375 northern hemisphere buoys. 1. was shown in Section 5 that for a population of this

general size, statistical results ,-verages) are essentially independent of minor varia-

tions in the actual number of buoys or variations in the actual locations cf buoys, as

long as the proportion of buoys in each of the 13 northern hemisphere MDZs is held

reiatively constant. These facts afford added confidence in the qualified use of these

results. Rather loosely interpreted, the results given for 5 port days per cruise

probably represent an iipqr bound on the most performance that can be expected from

a deployment ship. The results for 20 port days per cruise probably represents a

*Note that only the fea!ibillt of deploying 375 buoys in one year has been addressed
here. The question of whether deployment of all 375 buoys by three 12-buoy, 18 kt
ships within one year is an acceptable goal has not been considered. Nor has the
question been addressed concerning the capability to fabricate approxdmately 400 data
buoys in a relative short time. These questions are also Important and will require
thorough consideration.

tin particular, in terms of safety factor (1.0), time-to-plant (24 hrs), ship buoy-
carrying capacity (12), average ship speed (!8 kt), and port days per cruise (10).
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lower bound on deploy,,ment performance. ITus, it Is likely that this analysis has

bracketed the region wthin wbich the answer hles. No more stringent interpretation

of the results eoul-I be conslideed valid at this point In time.

I4

r4
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S.0 RECOMMENDATIONS FOR FURTHER STUDY

The results presented in this report represent only the first step in the determin-

ation of cost-effective, preferred buoy deployment/maintenance operations. The

deployment and maintenance of ocean data buoys involves a highly interrelated man-

machine mix; and the operation is couched in the natural uncertainty imposed by an

often hostile ocean invironment. For a system of the complexity under considoration

here, the advantages to be accrued by undertaking modest simulation and costing efforts

are immense, for dozens of deployment/maintenance cruise schedules and parameter

variations can be investigated at the cost of operating one future buoy deployment/

maintenance ship for a fraction of a day.

Simulation studies are never completely finished, of course. Instead, investiga-

tion becomes more detailed in certain areas of highest interest and the model expands

to cover more facets of the system and/or additional model sophistication is developed

into the existing model. A good system simulation model will usually find a place in

the operation of the system, once development has been completed and implementation

begun. Operation of the NDBS will always be sufficiently costly to justify the use of a

simulation model of modest proportion as a management guide when making additions

to, or revision ofthe overall system. The remainder of this section Lriefly outlines

four of the many areas in which buoy deployment/maintenance simulation and cost

studies could reduce uncertainties in the early stages of system development planning.

8.1 Deployment/Maintenance Scheduling and Ship Characteristics Optimization

It is possible at this time to begin investigating the allocation of time to tfe

various tasks to be performed in deployment and maintenance: Investigation of bottom

characteristics (for anchoring), transfer of data buoys to and from the ship, paying out

and reeling in (and storing) two to three n mi of mooring for most buoys, affixing and

removing clamp-on oceanographic sensor packages, testing equipment before, during,

and after deployment, etc. Factors such as these impinge on man-power requirements

(and, hence, base cost per sea-day) and the cruise schedule, as the ship goes from

station to station. This study has made evident that buoys are not likely to be uniformly

distributed throughout the world's oceans. Given this condition, it is necessary to

investigate the pseudo-random effects of typical deployment patterns on oonceptually
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"optimum" deployment/maintenance detailed scheduling. This work could be carried

out using the present TRC buoy deployment/maintenance model.

8.2 Evolutionary System Growth

This study has presented a broad view of the buoy deployment problem, with

only occasional reference to the follow-on maintenance task. At this point it would be

desirable to consider possible data buoy production rates and desired evolutionary

system growth patterns. "Are all buoys to be deployed within a span of approximately

one year, or would it be more desirable to effect deployment (and subsequent mainte-

nance) of a system of (say, 375) buoys over a period of three years?" This question

and a number of similar ones are in need of investigation at this time, because of the

long leadtime required for ship construction (up to 5 years) and the need to analyze the

impact of alternative system development programs. As noted elsewhere in this

report, the selection of avenge ship speed, buoy-carrying capacity, maximum port

days per cruise, and average time-to-plant establishes essentially a "quantum"

system capability. This quantum capability should be correlated with the "critical

4'mass" (i.e, density and observin~g capabilities) of buoys in a given area, else the

deployed buoys may be unable to adequately resolve the natural phenomena in the area,

and, hence, produce observations that are satisfactory for the intended data use. Thus,

it would be desirable to start with the constraining ship and operational characteristics

and determine approximately how well daLa requirements can be met by each added

"•"quantum" of system capability. In this fashion, feasible time-phased evolutionary

system growth patterns can be established and considered (elsewhere) in terms of

cost-effectiveness, cost-benefits, and worth to the nation.* A study of this kind could

be performed using the existing TRC buoy deployment/maintenance model.

8.3 Maintenance Q•timization

Because of the cyclic nature of buoy maintenance, it is a cost recurring item and

should be optimized, to the degree possible. It has been noted elsewhere in this report

that buoy maintenance is looked upon as a somewhat more complex task than buoy

*System worth to the nation extends beyond the realm of purely economic benefits.

Also included are social benefits, international cooperation and leadership, and enhance-
ment of the national defense postuare.
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deployment, for it is presumed that both buoy and mooring retrieval and buoy and

mooring deployment would take place at each required data observation site. Further-

more, if buoys are refurbished aboard ship, then number of spare buoys carried,

refurbishment time, commensurate personnel requirements, etc. all become additional

parameters to be considered. The operation of buoy retrieval and deployment will

likely be best performed during daylight. If this becomes a requirement, then non-

uniform buoy network- may add an additional dimension of complexity to "best" cruise

scheduling procedures. Capability to perform the deployment/maintenance operation

in six hours (or less) may become a feature of great significance.* These and similar

questions can be investigated using the available TRC buoy deployment/maintenance

model.

8.4 Effect of the Hostile Environment

Both statistical and (incomplete) synoptic marine environmental data records

are available and should be used to determine potential adverse effscts oft typical buoy

deployment and maintenance cruise scheduling. Synoptic environmental data records

are available from the U.S. Navy Fleet Numerical Weather Center (Monterey). Also,

TRC has several years of global weather records available (they are presently beini

used in support of an NSF/MIT global circulation study). The existing TRC buoy

deployment/maintenance simulation model could be modified to determine the environ-

mental conditions at each point of buoy deployment/maintewmt~e. Various decisions

rules (based on winds, sea state, precipitation rate, etc.) could be Investigated, as a

function of seasonal variations in the marine onvironment, for various pographical

regions. Addition of this simulation feature, and ure of both statistical and synoptic

data would add considerable additcdoal credence to results obtained from the TRC buoy

41 1ýyAkment/maintenance model, as well as more thorough insight into the actual nature

of future data buoy deployment/maintenance operations.

*For example, it has been pointed out in the body of this report that reducing

time-to-plant from 24 to 12 hours could prowide for a given ship about as much savings
overall in average ship operating cost per buoy deployed as any other factor considered.
Interestingly enough, reducing time-to--implant-and-retrieve to 6 hr, but requiring
that implanting and retrievine take place during daylight, probably would not produce
additional large savings. This point needs investigation.
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APPENDIX A
TYPICAL OUTPUT FROM THE BUOY DEPWLYMET/MAINTENANCE

SIMULATION AND COST MOVJL
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The ten figures in this appendix provide the interested reader with an example of

the computer output of the TRC buoy deployment/maintenance simuletton and cost

model. The data shown apply to 4 cruises with a 12-buoy ship used to deploy 48 buoys

in the North Atlantic MDZ (see Fig. 5-3). The 48 buoys are part of the 500-buoy

(baseline) system.

Figure A-1 gives the input buoy deployment conditions: Starting deployment

date, deployment port (buoys can also be taken on at a depot after leaving port, If

desired), base average cruising speed, ship buoy-carrying capacity, overall safety

factor, base time to implant one buoy after arriving at location, maximum port days

,'er cruise, etc. Also shown are the number of buoy3 carried on each cruise and the

iumber of navigation points used on each cruise. For costing purposes, the base cost

of the buoy (i.e., total cost, less depth dependent costs for mooring line and line-

mounted oceanographic sensor packages), the unit cost of oceanographic sensor

packages, and the cost per unit length of mooring must also be input. These are shown

at the bottom of Fig. A-I, along with the mooring scope.

The location of all buoys, in the crdcr deployed, is shown in Fig. A-2. This

also includes computed output of the eost o.? each buoy, based on the ocean depth of

the point deployed. The ocean depth determines the mooring length and the number of

oceanographic sensor packages (using IAPSO levels and! a sensor packapp at the

bottom, if the distance to the IAPSO level above Is 0.7 or more of the applicable JAPSO

Increment). The output provides a sum of the buoys deployed as a check.

The details of each of the tour cruises awe given in Fig. A-3 through Fig. A-6.

(This printout can be surpressed t,,.: an input control, if desired. ) Note that the de-

pioyments took (at a minimum)43.7, 38.2, 42.2. and 36.9 days. All of these cruises

(at 9 kt average ship speed) greatly exceed the 22.5 days considered desirable for a

completely perfect cruise (i.e., safety factor of 1.0). The computer program makes

note of the point in the cruise at which the desired cruise time was exceeded. (The

desired cruise time is sn Input quantity and can be varlsd.) As canbse mo the

distance back to port from each buoy is given. The program also keeps a nouung

tally of time of events (there is a "clock" designed into the program) and total time

accrued. Using one set of cost input figures, typical deployment costs are also shown.
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NA12 4t.ON 70.5W 498 2594 14 JAN 13.0 11.0
NA13 41,ON 10.0W 4T7 3053 I JAN 15.7 15.7
NA 6 49.N 25.0W 812 2343 21 JAN 20.0 20.0

FXCFEDFo nESIRED SFA DAYS TO IMPLANT ABOVE BUnY

NA 7 4q.5N 17.Cw 506 2846 24 JAN 22.6 22.8
NA A 50,aN 0.4W 451 1276 26 JAN 25.4 25.4
NVsO 51.ON I.OF ?1 3313 27 JAN 25.7 25.7
NA 4 5910.N ?.IF 482 32?6 29 JAN 286. 78.5
NA 2 S.A54 1t.SW 606 2624 3 FEB 31.0 31.6
NA 1 58,ON 34.0W 521 210t 6 FES 34.7 34.7
NA S 4QeSN 38*0W SO 1636 A FES 37.? 37.7
NAfl 41.5N 41.5W 389 1652 11 FEB 40.0 40.0
"NAQ 36.ON 5510W 696 1030 14 FFB 41.? 43.7

SHIP RETURNED TO PORTSMOUTH V ON 19 FEB 69 AT 1700 HRS

N MILES STEAMED THIS CRUISE a 9166

BUOYS IMPLANTED THIS CRUISF a 12

TOlTL RUOY IMPLANTED TO DATE a 12
RUnYS REMAINING TO RF OPLYD o 36

MINIMU4 PS1L SfA DAYS FOR THIS CRUISE a 40,4
INIMUM REQUIRED PORT DAYS , 10.0

MINIMUM PS6L OEPLOYRMET DAYS TO 0A0f w 58.4

AIN OPLYMT DAYS I SAFFTY FACTOR M ?7.7

AT 0 5600.00 PER SEA OAY .
"MINIMUM SHIP COST FOR THIS CRUISE 6 376949.00
M41 SHIP CfOST X SAFETY FACTOR S 501342.00

'4lTnTiL MliuN1U SHIP COST TO G4TE s 176q949O0

TOTAL mio COsT x SAFETY FACTOR 4 501342.00

rig. A-S. oethd Op ftr nlag wOr Mmoa IZ Depoymet CubA".

158



I&IN NRR q04 DATE 4 OlCT 68

NORTH ATLANTIC M01f BASE LINE (500 BUOY LOCATIONS
INCLUDES NEW SHIP SEA-lAY AND PORT-DAY COST COMPUTATIONS

CRUISE DEPLOYMENT SUMMARY

CRUISF 2

ON-LOADED 12 BUOYS AT PORTSMOUTH V
SHIP UIJnERWAY 2q FEB 69 AT 1700 149SS SEADAYS 0 0.0

fUOYS IMPLANTED IN FCLLfnWING ORDER

BUOY DFGS DEGS N MI N 41M TO nATF SEA OPLY04T
NBR LAT LONG BTWN PORT DAY DAY

NA22 24,5N 54.5W 1343 1343 6 MAR 60? 65.2
NA23 24.5N 46.0W 464 1?26 9 MAR 9.4 67.8
NA24 25.0N 37.0?W 492 213? It MAR 12.1 70.6
NA25 25.nN 28.0* 4qO 25?0 14 MAR 14.9 73.4
NA26 24.5N 19.0W 492 3019 1? MAR I.7 76.1

EXCFEDED IESIRED SEA DAYS TO IMPLANT ABOVE SUOY

NA2O 33.ON 10.5W 678 3201 21 MAR 21.3 79.8
NA14 36.ON 5.8W 294 3343 22 MAR 23.2 81.7
NAI9 31.ON 20O.W 725 2758 26 MAR 27.1 35.5
NAIP 31,5M 29.5W 491 2338 29 MAR 29.8 88.3
NAIt 33.0N 38.OW 441 iqOO 2 APR 32.4 90.8
NA16 3!.ON 4!.5W 536 1364 5 APR 35.4 93,0
NA!.5 33.0N s5.5w 512 912 8 APR 38.2 96.7

SHIP RETURNED TO PORTSMOUTH V ON 12 APR 69 AT 500 HRS

N MILES STEAMED THIS CRUIA a 7874

BUnYS IMPLANTED THIS CRUISE a 12

TOTAL BUOY IMPLANTED TO DATE m 24
RUOYS REMAINING TO BE r)PLYD a P4

MINIMUM PSBL SEA DAYS FOR THIS CRUI SE u 42.5
MIN7MUM REQUIRED PORT DAYS a 10.0

MINIMUM PSBL DEPLOYMENT DAYS TO DATE w 10.9

MIN DPf YMT DAYS X SAFETY FACTOR a 141.3

AT $ 5600.00 PER SEA DAY -..---------
MINIMUM SHIP COST FOR THIS CRUISE S 335923.00
MIN SHIP CMST X SAFETY FACTOR S 446777.00

TnTAL MINIMUM SHIP COST TO DAIE S 712 ,O.00

TOTAL IMN COST X SAFETY FACTOR S 948120.00

Fig. A-4. DPtalld Ouodutr ftm Nore Afamio 10DZ DhpbmM Crulse.
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RIJN ,BR QC' OATF 4. IC 6R

* NqRTH ATLANTIC MQZ RASP LINF 150, R,•.,Y tOCATIONS

INCLIJnES NEW SHID 5EA-1AV ANr) P'RT-nAY (-nST C0141MTATIONS

CRUISF OEPLnYqMNT SU4NMARY

CRLIS1E 3

11N--LO)AfEP) 12 i,,nYS AT PORTSMnUT4 V
SHIP UNDERWAY 27 APR 69 AT 500 MR.S, S.FADAYS 0.0

BUOYS IMPLANTED IN F:LLOWING ORDER

AUnY D'FGS EGS N MI N 41 TO DATE SEA DPLYNT

N8R LAT LONG RTWN PORT DAY DAY
NA19 R.2N 41.0W 2497 249? 4 MAY 12.1 123.0

NA44 ().IS 41,5W 471 2910 6 M4AY 14.7 1215. I
NA45 0.2v 33.0W 511 325? 9 MAY 17.6 128.5

EXCEEDFO rESIRED SE' DAYS TO IMPLANT ARnVE ffU(Y

NA4O 8.2N 34.5W 489 2852 12 M4AY 21.4 131.3

NA41 q.2N 26.51 475 4209 15 MAY 23.1 134.0

NAA 0.2N 25.5W 4864 3574 18 MAY 25s8 136.7

NA4T fn.1 4 16.0W 450 3913 20 MAY 2q.4 13q.3

NA42 B.2N 16.2W 487 3S94 23 NAY 31.2 142.1

NA36 16.8A 18.10? 516 3294 26 NAY 34.1 145.0

NA35 1,.514 27.C49 507 2883 ?9 NAY 36.9 147.4

NA34 1A.6'4 35.OW 461 7508 1 JUN 39.5 I(s.5

NA33 16.54 43.0W 461 2148 4 JUN 42.2 153.1,

SHIP RFTURNmIn TO PORTS'4I3UTH V ON 14 JUN 69 AT 700 HRS

N MILES STEAPED THIS CRUISE 3 996?

RUOYS 10IPLANTED THIS CRUISF - 12

TOTAL BUOY IMPLANTED TO DATE = 36
AIJOYS REMAINING TO BE OPLYD u 12

MINIMUM PS6L SEA DAYS FOR THIS CRUISF r 52.1

MINIMUM RPFQtIRED PnRT I)AYS a 10.0

MINIMUM PSBL DFPLr'YwEdNT DAYS TO OATF w 173.0

MIN OPLYPT DAYS X SAFFTY FACTOR P 230.1.

----------- -AT $ S600,0C PER SFA 9AY --------

MINIMUM SHIP COST FOR TroIS CRUISE 6 40212t100
MIN SHIP COST X SAFETY FACTOR S 534621.00

TOTAL MINIM1M S•IP COST TO DATE S 1114992,00

TOTAL MIN COST X SAFETY FACTOR S 14682939.00

Mig. A-5. Deaied Omuqut f ThiA Nor& Aftmfo MDZ Doloymet Crusn.



RUN NBR q04  OATF 4 nCT 68

NnRTH ATLANTIC MDZ BASE LINE (Snol) RUOY LOCATIONS
74CLunES NEW SHIP SEA-DAY ANY) PORT-DAY CnST COMPUTATIONS 6

CRUISE DEPLOYMENT SUMNARY

CQUISF 4

nN-LnAnEO 12 SUOYS AT PORTSMOUTH V
SHIP UNDFRWAY 74 JUN 69 AT ?00 HRS, SEADAYS u 0.0

.JnYS IPLANTED IN FnLLnWING ORDER

BuinY qEGS DEGS N MI N MI TO DATE SEA DPLYNT
N8R LAT LONG GTWN PORT DAY DAY

NVYq 20.ON 74.OW 1000 1000 28 JUN 4.6 177.7
NA2T T.0N R61.7W 474 1204 1 JUL 7,3 180.4
NAZB 16.0N T3.5W 476 1242 4 JUL 10.0 103.1
NA 3 13.O tB.SW 442 1416 6 JUL 12.1 ls.1
NAZQ IT.ON 67.OW 719 12?6 10 JUL 1S.9 168.9
NA3P 15.5N 64.5W 170 1416 11 JUL 17.2 190.2
NA3I 16.,94 Sq.OW 327 1506 13 JUL 19.7 192.2
N44T ?10.00 60.0W 412 1828 IS JUL 21.6 194.6

EXCEEDED DESIRED SEA DAYS TO IMPLANT ABOVE BUOY

NA43 2,0 48.CW 863 2607 20 JUL 26.1 199.1
NA3$ 6.ZN S1.SW 427 2181 22 JUL 28.6 201.6
NA32 16.44 51.5W 498 1?93 25 JUt. 31.4 204.4
NA48 22.6N 61.6W 68S 1110 29 JUL 35.1 208.1
NA21 25.514 66.*W 290 853 I AUG 16.9 210.0

SHIP RETURNED TO PORTS4OUTH V ON S AUG 69 AT 400 HRS

N MILES STEAMED THIS CRUISE a ?531

BUOYS IMPLANTED THIS CRUISE a 12

TOTAL WU(Y IMPLANTFO TO DATE a 48
BUOYS REPAINING TO RF OPLYD a 0

MINIMUM PSBL SEA DAYS FOR THIS CRUISE a 40.9
MINIMUM RFQUIREO PORT OAYS = 10.0

MINI1UM PSRI. DEPLOYMENT DAYS TO DATE * 223.9

MIN OPLYNT DAYS X SAFETY FACTOR a 297.8

--- AT S S600.00 PER SEA DAY
MINIMUM SHIP COST FOR THIS CRUISE 1 325046.00
MIN SHIP COST X SAFETY FACTOR 6 432311.00 L
TOTAL MININUM SHIP COST TO DATE s 1440037.00

TOTAL MIN COST X SAFETY FACTOR $ 191•249.00

Fig. A-6. Detailed Ouput for lort Now MmSUc 1Z Dqpoymst Cruis.
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The crucial output values from all cruises are combined in Fig. A-7, the system

* deployment summary. At this point are listed the total distanee traveled to deploy all

buoys, the total length of mooring line required snd the average depth, the total and

average number of oceanographic sensor packages, tetal and average hardware costs,

and many other key items.

For the system operation simulated by the buoy deployment/maintenance model,

distance traveled depends only on location of ports, buoys, and navigation points. Buoy

costs depend on assigned input values and depth. But the ship operating cost is a

fanction of distance traveled, speed, port days per cruise, time-to-plant each buoy,

and ship base cost per sea-day, fuel cost, and ship maintenance cost. Thus, once the

total distance traveled has been computed, variables in several other dimensions must

be considered. Figure A-8 through Fig. A-10 show the data needed to make an analy-

sis of the complex interactions of the variables. The base conditions are listed at

the top of each figure, including a matrix of costs for the various conditions to be in-

vestigated. The remainder of each of these three output sheets shows various

parameter output values for variations in time-to-plant and ship speed. In the three

"Deployment Cost" columns, minima can be identified at speeds of 15 or 18 kt in all

three figures. Minima in deployment costs occurred at speeds of 15 or 18 kt for all

deployment configurations and cost inputs used in this study. As shown elsewhere in

this report, addition of prorated ship construction cost does not alter this important

result.

In Fig. A-8 through Fig. A-10, certain output data are presented on the bauis of

a safety factor of 1. 0 and a safety factor of 4/3. A safety factor of 1.0 implies

minimum time and cost for the stipulated conditions. REsults based on safety factor

of 1.0 are, therefore, lower bound results (for the stipulated Input data). * Use of a

safety factor of 4/3 gives numerical results for comparative purposes that represent

highly probable upper bounds on these values. In other words, cruises will probably

not take longer and costs will probably not be greater than 133% of the minimum

attainable values for the given input conditions.

*That is, cruises will talks at least " long and deployment will cost at least as

much as the results found using a safety factor of 1.0.
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RUN NRR q04 DATE 4 OCT 68

NORTH ATLANTIC MOZ RASE LINF (5001 BUOY LOCATIONS
tNCLUf)ES1 NEW SHIP SEA-fnAY AND PORT-DAY COST COMPtJTATi|NS

SYSTFM DEPLOYMENT SUMMARY

STARTiNG DATE I JAN 69 AT 900 MRS

CRUISE BUOYS N MILES MIN SHIP MIN SHIP TOTAL MIN MIN X

NBR OPLYD STEAMEI) SEA DAYS PRT DAYS OPLY DAYS SAFETY
1 12 916A 48.4 10.0 58.4 7?.7

2 12 7874 42.5 10.0 52.5 69.8

3 12 9962 52.1 10.0 62.1 82.6
4 12 7531 40.9 10.0 509. 67.7

4 4R 34038 183.9 40.O 223.9 ?97.8

------------- AT S 5600.00 PER SEA DAY -------------
MINIMUM SHIP COST FOR THIS DEPLOYMENT S 1440037.00
MINIUM SHIP COST X SAFETY FACTOR S 1915249,00

TOTAL COST FOR BUOY HARDWARE DEPLOYED S 14470619.00

TOTAL FEET OF MOORING REQUIRED 5SS5223
TOTAL SIS SENSOR PACKAGES DPLYD w 845

AVERAGE DEPTH PER BUOY IN MOZ 11S67

AVERAGE NBR OF S/S PKGS PER BunY IN MDZ * 17

AVERAGE HARODWRE COST PER RUOY IN 40t S 301472,00

AVERAGE DISTANCE TRAVELED PER BUOY DEPLOYFD , ?19 N "I

SUMMARY OF CONSTANTS USED FOR THIS DEPLOYMENT
SHIP iVERAGE SPEED a 9.0
SHIP MAX BUOY CAPACITY a 12
HRS TO IMPLANT I RU%)Y w 12.0

MAXIMUM GEOGRAPHICAL LOCATIONS

WEST NORTH EAST SOUTH

17.ON 81.7W s9,ON 2,OE S9*ON 2.90 E .lN 0 1 ,0OW

THE SHORTFST 4OORING WAS 100 FEET AT 50.,N 0.4W

THE DEEPEST MOORING WAS 18900 FEET AT 2,oSN 61.6W

Pig. A-7. System De1oymmt Ihwtozry: Outut hbr AU Plr Norta Admaude
MDZ Deloyment Cruises.

lei



10N NPR )ý4 DATE 4 nCr 63
nFPLnYqFtqT TFST '0)MMARY

qnPTH ATI ANTIC 4nf B&5E LINF IS001 RUWY LICATIONS
fICLIJrF. vfw ýIHfv SEA-nAY AO PORT3-AY COST CIMPUTATIONS

49 3%jfvO 1EPI OY~T? FRfOm PI1TSNOULTH V SHIP BUOY CAPACITY - 12
rnrAL ý11ýTANCF. Of 1 1 345%4 MAKIPUM! CRUI5F9 N "I a 9942

qA5F Cn0T nFR SFA UAY S 700C.00 CfSTIPORT UAY a1.94 9 SEA DAY

ýPF~n býN qAp 17.00 15.rr 18.10 21.00 24.00 27.00 30.00
rsy/mi $ g.?g 5.78 5.14 7.01 11.2? 16.43 21.37 30.00

AVG mix MlN "N 4IN 411 DFPLOYIENT CISL, SK AVG "IN AVG NPP PUtYS

S41P rISF SEA PORT nPLY K SAF MIN IPLY X SAF AvGfeUOY OPtY f)AYS OPLY PEO SHIP
SPO (PAYS) r1AY% nAVS DAYS FCTR DAYS FACTOR 104104 PFR sUOY 1ft 335 A I S

12 H45 Tn IMPLA4T A SUnY, TOTAL Tl4F TO IMPLANT 0 24.0 DAYS --

9.0 52.1 133.9 401.0 7232.9 297.3 775.5 1011.S 1402 477
12.0 41.f 143.9 40.P 183.9 244.4 671.46 0r.? 14.0 3.3 6?
15.0 31.7 119.0 40.r 119.9 212.? 609.2 6103.3 l.T 3.1 2I
I3.0 ?Q.1 104.0 40.( 144. 0 11.5 610.1 811.5 2?.7 3.0 112
21.0 25.3 Q9.S 40.0 132.S 176.1 TS1.0 91.8 15.6 2.0 121
24.0 21.3 64.0 40.0 124.0 164.9 920.7 1236.5 19.4 7.6 130
?7.0 21.4 77.3 40.0 II.3 156.0 1174.6 IS62.5 14.q P.4 137
30.0 I?.$ 72.P 4M.? 112.0 144.9 1406.7 1873.6 29.3 2.3 1*4

;4 '45 tr 1l pa At A i'uOY. fnTAL TINS TO IMPLANT 4 4S.0 0DYS ----

q.n 54! 707.l 40.0 Z47.0 129.7 637.9 1114.9 I.5 5.2 65
13.^ 46.A 167.9 40. 207.9 2?6.5q 734.0 176.2 15.3 4.3 77
1.0r 19.7 143.q 40.0 101.9 244.6 671.6 91,.3 14.0 3.3 87

* 4. '.133. ~. '14. 221.4 672.1 9444.5 14.0 1.5 9
21.0 31.4 1S.4 40.0 1q6.5 206.2 617.7 I037.6 1?.0 3.3 101
24.' Z1.1 1011.O 40.0 140O 395.8 1001.2 1331.7 20.9 1.31 O0
21.C M4. lCC.1 40.0 141.3 137.9 1151.6 1644.7 26.1 2.9 11'
10. ?5.8 q4.0 43.0 116.0 160.6 3490.1 1962.1 31.0 ?.3 tin

%r '43S T I lM ~t A 4. j Su nY. TOTAL TINF TO i PLAXT 64 . 0 O* -0. YS .

9.0 At.1 219.9 40.0 Pq99 34U1.7 669.1 1156.0 16.1 5.4 62
12.1! 49. 119.9 40.0 7p19.9 292.5 7t,5z 1017.7 15.9 46, 71
Is5. 4?.? s55.9 0.00 195.4 260.6 7028. 934.6 14.6 4.1 62
34.0 14.1 140.0 40.0 130.0 239.1 701.7 ")6.0 14.7 3.7 Pq
23.0 ¶4.8 I25.S 40.0 166.1 224.01 691. 1135.9 IT.? 1.9 95
740. 12.3 173.0 4n.0 160.0 112.6 103O.0 131"9. 21.6 S.3 lot
?7.r 30.4 Ill.% 40.0 113.3 203.9 I3790.0 1715.8 26.9 1.? 305
30.0 74.8 1o0.0 40.0 143.F 196.64 153.1 2036.4 33.6 3.1 10Q

4i 4sp5 trI tooLA#.f A jUfjY, tOTAL TI*F TO IMPLANT 7•.0 OAIS -----
Q.r 6441 251.9 40.0 2?1.9 161.6 900.1 l197.4 16.6 S.? 55
1z.0 42.6 l19.q 40.0 211.9 10l.5 796.4 1•09.2 16.6 4.8 "9
1%.f, 4q.? 167.9 41.0 207. 2176.4 734.0 971,3 15.1 4.1 77
I1., 41.1 152.0 40.0 192-j 255.3 734.9 977.5 35.3 4.0 64
2I.0 Me3 1440.5 *0.0 180.4 24W.1 684.4 1176.1 16.4 1.6 09
24.t 35.3 13)70 40.0 172.0 260.? 16?7.8 1426.6 32.3 316 04

270t. 1.4 13 P 0.0 16.01 2t*.6 11pI.4 1?66.6 27.7 1.4 97
10.0 31.3 I30.0 40.0 16.O f11.* 1571.9 2090.6 32.7 3,3 Irl

Mg. 4. Dp~e 7*84I smaumy: $am nows Codt Fez ts. MY.

1tS
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RftN NIR 014 DATE 4 OCT 46
OFPLOYMFNT TEST SIIPMARY

WIRTH AT( ANTIC 4Dl BASF LINF (SOO BUOY LOCATIONS
INCLU)nS 'FW Sý IP SEA-DAY AN) PnRT-DAY COST CONPUTATIC)NS

4A RtIOyS OrPLnYFO FRnfq PORTSMOUTH V 541P BUOY CAPACITY w 12
TnTAL MIUTAICF, N NI - 34536 MAXIPU% CRUISE, N MI - 9962
RASr COST PpIZ Fa I)AY - s 5000.0" COSTIOnRT DAY 0.94 X SEA DAY

SPFPn VN Q.C0 11.00 15.01 .uO 21.00 Z4.00 27.00 30.00
CSTImI $ 5T.7 5.76 S.70 7.01 11.27 16.43 23.37 30.00
%)O01l S•tCO.O0 600.00 600.00 600.00 7.10 ?80.00 90.0 12o0.00 1400.00

AV1, WAX MIN MIN MIN MIN DEPLnYMFNT COST, SK AVG NIN AVG NOR BUDYS
S41P rRSF SFA PORT OPLY X SAF MIN 0PLY X SAF AVGIBUOY OPLY DAYS OPLY PFR SHIP
SPO ()AYS0 DAYS f)AYS DAYS FCTR DAYS FACTOR IMINI PER NUOY IN 335 nAYS

1Z MRS TO IMPLAIT A RUOY, TOTAL TIME TO IMPLANT e 24.0 DAYS ....
q.f 92.1 R1l.9 40.0 721.9 297.6 1440.0 1919.3 30.0 4.7 ?2

12.' 41.6 1413.9 40.0 183.9 244.6 1216.2 1617.5 29.3 13. AT
15.1 31.? 119.5, 4n.0 119.9 212.7 1081.9 1438.9 22.5 3.3 IC1
18.0 ?9.1 104.0 4n.0 144.0 191.5 1034.8 1376.3 21.6 3.0 112
21., 75.6 97.5 40.0 112.9 I1T.1 1t41.4 1M16.1 23.8 2. 1I?
24.0 73.3 64.0 40.0 124.0 164.9 1294.4 1721.6 27.0 2.6 030
77.0 ?1.4 77.3 40.0 1iT. 1 19.0 1519.S 2021.0 31.7 2.4 137

30.0 19.@ 72.0 40.0 112.0 144.9 1737.4 2310.8 36.2 2.3 144

'4 MRS Tn IMPLANT 4 RUOY, TOTAL TIME TO IMPLANT 46.0 DAYS-
9.0 44.1 707.9 40.0 247.9 329.7 1974.4 2094.0 32.8 .2 65

1?.0 46.6 167.9 40.0 207.9 276.5 1350.6 1796.3 2.1. 4.3 77
15.n 39.7 143.9 4M.0 163.9 244.6 1216.3 1617.6 2S.3 3.8 p?
IA.n 39.1 12400 40.0 468.0 221.4 1169.2 1595.0 24.4 3.9 96
21.C 31.6 116.6 40.' 1946. 206.2 1260.1 1702.6 26.7 3.3 103
24.0r 29.1 IM9.0 40.0 146.0 1 %6. 1437.9 lq12.S 30.0 3.1 109

2?.0 27.4 101.3 40.n 141.1 187.9 1664.1 2116.9 34.6 2.9 114
30.n 25.A q9.0 40.0 136.0 140.4 1691.0 2915.0 39.4 2.6 1i

10 HI5 TO IMPLANT A 6UOY, TOTAL TIME TO IMPLANT - 60.0 DAYS
9.0 6!.1 219.9 40.0 299.9 349.7 1641.6 2161.4 34.2 5.4 47
12.r 49.6 179.9 40.0 219.9 2972. 1411.0 1669,6 29.5 4.6 13

15.0 47.7 155.9 40.0 199.9 260.6 1283.9 1707., 26.7 4.1 87

16.0 18.1 140.0 40.0 10.0 219.3 1236.4 1644.4 29.6 3.7 89

21.0 14.0 126.9 40.0 166.5 224.1 1349.5 1794.0 26.3 3.9 05

24.0 12.3 120.0 40.0 IA0.0 212.8 1509.7 2007.9 31.9 3.3 l0o
27.0 30.4 113.1 40.0 151.3 203.q 1742.? 231.9 36.3 3.2 109

14.0 24,6 108.0 40.0 14600 19.•. 1967. 2611.2 40.0 3.1 10t

16 MRS TO IMPLANT A MUCY, TnTil Iff TO IMPLANT 72.0 DAYS ----
9.0 64.1 231.9 40.0 211.0 141.6 17086. 2271.8 35.6 S.7 so

1?.C 67. 19t.9 40.0 21I.'o 3080. 149.0 1975.0 30.9 4.6 69
I1.0 41.? 167.9 40.0 207.9 271.4 1159.? 1794.4 26.1 4.1 ?1

I6. 41.1 1i5.O 40.0 102.0 2?9.1 1303.6 1733.6 27.2 4.0 64

71.0 37.01 140.A VO.O l10.5 140.1 1414.5 1667.1 29.6 3.6 so

24.0 351 132.0 40.0 172.0 226.7 Is16.5 2103.3 32.9 3.6 94

??.0 31.4 1?4.3 40.0 169.1 l9.4 1617.1 2414.8 31.9 3.4 97

4n.0 31.6 172.0 40.0 1Wo.n 212.6 2044.6 2719.3 42.6 Sol 101

Fig. A-9. Dqgoyma Tet kumazy: $6W Be" Cmi Per on Diy.
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01:N NfA 9 )4 rATF ,'cr 68
IFPI fY'IFNT TCST SINJM vY

14"TH ATI %.TIc. '17 P,4Sf LINF 15e)|I 8lOnY L'3CATO1 S
INCLUnrS 4rw SWIP S%1-OAv AN,' PnRT-OAY CrST C08PUTATIONS

I.- •'•W y . 'rrPLMrYrfr -4'l PrlRTS.40 T" V1 %4I|N P -4ury CAPACITY - 12

TVTAI 1|'STskNr ,, q4 ; 34.3q 0.E1(1UJ t JUISF., N M1 - 9962
4AF r1S'T PrQ SFA UY t Aj"_iti.r r"ST/PoRT D)AY -1.94 X SFA nAY

SrFrn 'N Q. 1'. I p.- 1.SC 18.0') 21.00 74.0:1 2.00 10.00
1',Ttj I. .- '• . 78 S. 7A 7.11 11 .?? 16.41 23.31 10 .00

)D/ I)v ,,''.' 6',. 'In 61r.. IM ('.fl 700.11" 980.00 I?0C.00 1400.00

vV , A'Mf "IN %I IN MIN MI N f)FPLOYMFNT C)ST, SK AVG 1'4IN AVG NPR 7ttT'Y -
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In the course of developing the TRC buoy deployment/maintenance simulation

and cost computer model, it was recognized that manual choice would have to be made

for locations of buoy, ports, and navigation points. It was also elected to use manual

selection for buoy deployment cruise scheduling. *

While it was intuitively apparent that certain cruise schedules would be "better"

than other3, it was also agreed that a limited amount of analysis was needed to

delineate between or among strategies for cruise scheduling that appeared essentially

equally good. The analysis was performeC cn a series of models that might best be

described as first approximations to typical data buoy networks of the future. By

constraining the geometry of the deployment configuration to easily handled cases, it

has been possible to show preference of deployment schemes, even to the point of

establishing a crossover point of preference between two alternative schemes.

Tho- results obtained corroborate "common sense" strategies, and give guidance

where the difference in the metric (total distance traveled) of two schemes is small.

This analysis was used as a guide for the deployment schedules used in the study

presented in this report.

B.1 Approach

Deployment of data buoys from a port to a ilose-by or cdistant region is com-

parable to a classic transportation problem. It involves a constrained version of the

well-known Traveling Salesman Problem- namely, given a set of random locstions,

what Is the minimum distance the salesman must travel tc. visit all points? U• course,

there is no known closed form solution to this classical problem.

In this analysis, the constraints imposed by the buoy deployment problem are,

in general, assumed to be:

(1) The deployment ship must return to the original deployment port.

%2) The number of buoys to be deployed is much greater than the number

of buoys carried per trip.

Cruise scheduling is defined as the sequence in which a deployment/mauammauce
ship visits given geographical points.
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The first constraint can be relaxed, but that will not be done in this analysis. The

P second constraint is essentiolly axiomatic for this problem (if it is relaxed, the

problem reverts to the classikal one).

While it is true that an optimum solution to the deployment problem is difficult

to achieve, it is possible to show by demonstration using specific simple models that

one deployment strategy is better, equal to, or worse than another strategy. Because

data buoy deployments are by no means totally random, it ib also possible to look at

certain easily manipulated, geomel-rically describable deployment patterns and

analytically show relative preference for certain deployment schedule strategies. In

short, in certain instances "common sense" buoy deployment schedule strategies can

be augmented, guided, or confirmed.

B. 2 An Example- Circular Buoy Deployment Patterns

As a first example of preferable buoy deployment strategies, consider the

simple circultr buoy deployment pattern shown in Fig. B-1.

I

4

PORT 1
-R

I 0 1 =1800

Fig. S-1. Buoys Uniformly DiftriWW~
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Assume the deployment ship carries 4 buoys per trip. Then two simple alter-

native deployment strategies are- *

(1) Make 4 round trip trips, going out each line of buoys and returning

(2) Make 4 trips, deploying 4 buoys on a circumferential pattern, at

radius = R, 3/4R, 1/2R, and 1/4R.

In the first case, the tctal distance traveled is 8R. In the second case, the

total distance traveled is 5R + 2.5 1 R (= 12.85 R). Therefore, it is clear that the

first deployment strategy is to be preferred.

If the angle 61 is reduced, a crossover point can be found at which the distance

traveled using the second scheme is equal to 8R. For still smaller values of 81, it

is preferable to use the second deployment scheme, because the distance traveled is

less than 8R. The value of 81 at which the two schemes result in equal distance

traveled is found from:

5R + § IR - 8R2 180

or,

1 (180) 6

= 68.8 deg

This condition is shown in Fig. B-2.

B. 3 Second Example. Rectangular Buoy Arrays

As a second example, consider the case Where the buoys are all grouped to-

gether at a distance from the port that is large compared to the equal spacing between

buoys. Assume for convenience that buoy spacing is uniform, as shown in Fig. B-3.

Let Deployment Scheme 1 be that shown in Fig. B-4(a) and Deployment Scheme 2 be

that shown in Fig. B-4(b).

There are obviously other strategies in addition to these two.
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) 1R

1R

PORT 1 R

Fig. B-2. Deployment Strategy Crossover Configuration

d 0' RO d d d d

d
'I

*0 0 0
PORT -- R - d

0 . 0 *
d* . 0 0

Fig. B-3. Buoys Remote From Port

R -. Odd

dd

(a) Scheme (1) (b) Scheme (2)

Fig. B-4. Two Deployment Schemes

169



It is apparent that for Scheme 1 the distance traveled to implant 8 buoys with a

4-buoy capability ship is approximately 2 x (2R + 3d), while for Scheme 2 the distance

would be (2R + 3d) + (2R + 5d). Otviously, Scheme 1 is preferred because a savings

in distance of 2d can be achieved.

A comparable case might be the deployment of 16 buoys using an 8-buoy

capacity ship, for the configuration shown in Fig. B-3. Using Scheme 1 requires

appraximately (2R + 7d) x 2 distance traveleC. Scheme 2, modified as shown in

Fig. B-5, requires (2R + 7d) + (2R + lid). Again, Scheme 1 is preferred because

of the saving of 4d distance, in this instance.

B. 4 Third Example- North Atlantic Deployment

Based on the demonstration of preferred deployment strategies for simple

deployment configurations, it is possible to extrapolate to more complex configura-

tions comparable to those associated with NDBS deployments. The third example

(Fig. B-6.) is a simple geometric approximation to a North Atlantic Modular Deploy-

ment Zone with approximately 30 to 40 buoys, with deployment from a centrally

located U. S. port, such as Portsmouth, Va. The deployment field can be approxi-

mated by a 4 x 8 array of buoys with a uniform spacing of d. The port is taken to be

on the horizontal line fourth from top. A buoy deployment vessel with a capacity of

8 buoys is directly applicable to this general problem, assuming there is no constraint

on trip time.*

R d

R d d

jd d

Fig. B-5. Scheme 2 Modified

A trip time constraint can be overcome by reduction in time-to-plant and/or by
increased ship speed, in some instances.
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d d d d

SHORE 0 0 0
d

*d

PORT- D - C
d

@0 0
d
d

d

Fig. B-6. An Idealized North AtnIotic Buoy Deployment

Three deployment schemes will be demonstrated, as shown in Fig. B-7. The

total distances traveled are:

Scheme 1
0 Total deployment distance

D + D2 7 + 2D2+ 2 + 2D 2+9d2 +D +10d2 + 28d.

Scheme 2

Total deployment distance

D2+ 22 d +4 +16d2 +4(D+d)2 + +( d) +16d

+(DV+2d? +W2 +J(D + 2d) + 16d2  +(V+ 3d)2 +9d 2  +4(D +3d) 2 + 16d 2

+ 28d

Scheme 3

Total deployment distance =

+ 2 4Z 47iG

S+D2+d2 + D + 7 (D+2d)2+d2 + D + 9d
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0 East-West

Strategy
Scheme 1 O •

Scheme 2 North-South
Strategy

Scheme 3 Mixed
Strategy

Fig. B-7. Three Deployment Schemes for the North Atlantic

By comparing non-equal terms from the Scheme 1 and Scheme 2 expressions, it is

obvious that Scheme 1 is preferred

Scheme 1 I Scheme 2

D <4qDB+ga•D + < fD 2 + 9d 2

qD2+a2 < (D +d) 2 ÷9d 2

VD 2 + d2 < ;(D+d)2 + 16d2

4rD 2 + c? < V(D +d)2 + 9d
VD 2 + 4d? < ( d2+11
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Scheme 1 I Scheme 2

•D• + d2 < 4(D + 3d7) 9df

O D+ 167, < 'ýO,+ 3d)+ 6

In fact, for the special case where D d (a very reasonable condition), it is quickly

seen that for Scheme 1 the total distance traveled is 47. 3d while for Scheme 2 the

total distance traveled is 64.44d. Thus, Scheme 2 requires approximately 36 percent

more travel than Scheme 1.

It is convenient to compare Scheme 3 with Scheme 1 in this same fashion.

Scheme 3 requires a travei distance of 49. 3d, or only 4 percent more travel than

Scheme 1. Thus, while Scheme 1 is the preferred one, it is clear that Scheme 3

is a close competitor. In an actual case, where perfect geometric symmetry of

spacing does not exist, conditions might be such that Scheme 3 becomes preferred.

For the special case where D<( d (which will be taken to the extreme condition

of D = 0) the following relationships hold-

Scheme Distance Traveled
0

1 42 d

2 59.6 d

3 45.2 d

Again, Scheme 1 is to be preferred, particularly over Scheme 2, but only marginally

with respect to Scheme 3.

B. 5 Fourth Eampk. A Port Within a Rect a Buoy Arry

Under certain conditions, buoy arrays may exist surrounding the service port

(Honolulu, Hawaii, serving the Eastern North Pacific provides an eoellent example).

Based on guidance from previous examples, it is apparent that a deployment scheme

appro ating deployment along a radius likely to provide the begt strategy.

A typical eample of buoys surrounding the service port is shown in Fig. B-8.
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d d d

d
d

d R

d

Fig. B-S. A Port Within a Rectangular Thaoy Array

For the array shown, the shortest distance to be traveled in deploying the

32 buoys with a ship carrying B buoys per trip is:

8 SR +28d

n--1

where R is the distance from port to first or last buoy deployed on a trip, as indi-

n
cated in Fig. B-8.

If the buoy tender can carry 16 buoys/trip (or, if it can service 16 buoys after

deployment), then the best strategy requires a travel distance of

R +R R +RR +3

The preference of these two strategies can be inferred from demonstrations in the

previou'J examples, and need not be repeated here.

This analysis has attemp'ted to establish -- by demonstration, not by rigorous

general proof -- preferred strategies •or deployment (and later maintenance) of data

buoys. The general task involves finding a solution to a variation of the Traveling

Salesman Problem. B• •he actual buoy deployment/maintenance task Is a much con-

strained problem for which cert' • strategies are preferred and "good" (not neces-

sarily •,-timum) solutions ure often relatively obvious.

To simplifyv the analysis, several easily decrirbed geometric buoy deployment

patterns have been analysed in some detail. In one instance (buoys on radial lines),
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it has been shown that a crossover condition exists, making one deployment strategy

) preferable until crossover occurs, at which point the other strategy is the better.

In the other examples considered, one strategy is always to be preferred, but in some

instances the degreee of difference in distance traveled was minor, and in an actual

application, deviations from the solution indicated for the "clean" geometric case

might bring about a preference to use a mixed strategy.

The results given here have been used as guidance for the extensive TRC digital

computer buoy deployment simulation. The TRC buoy deployment/maintenance model

can be used to generate travel distances for any deployment scheme, hence, com-

parisons of deployment strategies specifically tailored to particular buoy and port

locations can be easily achieved.
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